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Abstract of
The chemical nature of the binding site for triethyltin
in proteins.
Barry M. Elliott
Triethyltin is well known for its ability to produce cerebral
oedema in vivo and inhibit oxidative phosphorylation in vitro.
Previous work has shown that triethyltin binds to very few proteins
which include rat brain myelin, rat haemoglobin, and rat liver mito-
5 6 - 1chondrial and supernatant fractions, with an affinity of 10 - 10 M .
Rat haemoglobin has been used as a model for the binding of triethyltin 
to the other more complex protein fractions.
In this study, triethyltin has been shown to bind to cat 
haemoglobin and the stoichiometry of the binding to the two haemo­
globins clarified, 2.0 moles of triethyltin per mole of haemoglobin.
Diethylpyrocarbonate has been used at pH 6 as a reagent for 
modifying histidine residues in both cat and rat haemoglobins, and 
a study of the binding of triethyltin to the modified haemoglobin 
has shown an inequality in the two sites, with only one site being 
removed after exhaustive treatment. Treatment with diethylpyrocarbonate 
of the other proteins to which triethyltin binds, has also provided 
evidence suggesting more than one class of binding site of affinity
105 - ioV 1.
Studies of triethyltin binding to cat haemoglobin following 
modification of the protein with several selective chemical reagents
has led to'the hypothesis that triethyltin hinds to two classes of 
site on cat haemoglobin, involving pentacoordination of the tin 
between two cysteine residues or a histidine and cysteine residue.
In addition, triethyltin has been shown to bind to cat haemoglobin, 
after treatment with diethylpyrocarbonate at pH 8, to a class of 
sites of unknown structure. The relevance of the binding sites on 
cat haemoglobin to the interaction of triethyltin with other proteins 
has been considered.
A tentative identification of the, protein in rat liver super­
natant which binds triethyltin has been made as the glutathione 
S-transferase group of enzymes. Triethyltin binding to purified 
glutathione S-transferase fractions has been studied, together with 
its inhibitory action on their enzyme activity.
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Introduction
Organotin compounds have assumed a significant role in several 
areas of modern life, as diverse as the stabilisation of plastics and 
the prevention of marine growth on ocean-going vessels (Smith & Smith, 
1975) • Tin is a main group IV element and in its most common oxidation 
state (Sn (IV) ) can combine with both alkyl and aryl groups (R) to 
form a series of organotin derivatives*
Uses of organotin compounds
In practice the uses of organotins may be divided into two groups 
i) the triorgano - and ii) the diorgano - and monoorganotin derivatives.
Diorganotin compounds
Diorganotin compounds are used for the stabilisation of halogen 
containing polymers (e.g. P.V.G.), the largest single application for 
organotin compounds with more than 17,000 tons consumed in 1975*
Dibutyltin derivatives are the most widely used compounds with dioctyltin 
derivatives useful for plastics likely to contain food and drink or for 
medicinal application, on account of their lower mammalian toxicity 
(Pelikan et al., 1970). The length of the alkyl groups has little 
influence on the stabilizing efficiency although consideration is taken 
of the fact that the lower homologues are more volatile and the higher 
ones more expensive. The anion is also chosen to produce the 
appropriate physical characteristics (e.g. miscibility with the plastic). 
Anions linking to the tin through sulphur are the best for conferring 
heat resistance to plastics, and aliphatic acids or mercapto acids are
R^SnX 
R2SnX2 
R SnX
where X is an anion linking to tin via 0, S,
N or simply a halide
the most common anions used (Piver, 1973)• Monoorganotin compounds 
have a limited use in the stabilisation of certain grades of plastic, 
and most aryltin compounds are poor stabilisers (Luijten, 1972).
Similar dialkyltin compounds to those mentioned also find uses 
as catalysts for polyurethane production (alcohol + isocyanate) and 
in the curing (cross-linking) of room-temperature-vulcanising 
silicones.
Other applications of dialkyltin compounds include the use of 
dimethyltin dichloride for coating glass with a film of stannic oxide, 
to confer abrasion resistance (Smith & Smith, 1975), and the use of 
dibutyltin dilaurate as an antihelmintic for poultry. Despite the 
widespread use of the dibutyltin compound in poultry, no organotin 
compounds find an application in mammals owing to their high toxicity 
to the host (Luijten, 1972). The high toxicity of triethyltin to man 
was demonstrated in the "Stalinon" tragedy. Stalinon was a proprietary 
preparation sold in France for the treatment of bacterial skin 
infections and was supposed to include diethyltin di-iodide; the 
preparation was impure however, and triethyltin constituted up to 10% 
of the theoretical diethyltin content. Two hundred and seventeen people 
are known to have been poisoned by this preparation and one hundred of 
these died. For a review of the pertinent literature see Barnes and 
Stoner (1959)•
Triorganotin compounds
Applications of triorganotin compounds almost exclusively utilize 
their general biocidal activity, which by the control of the nature of 
the organic groups can often be safely directed against the target 
organism. Trimethyl tin and triethyltin compounds are the most toxic of
the organotin compounds to mammals and find no commercial use, whereas 
the tributyltin derivatives are much less toxic to mammals (a general 
trend of decreasing toxicity with increasing alkyl chain length), yet 
maintain a high toxicity to many fungi and bacteria (Evans & Smith, 
1975)* Bis (tri-n-butyltin) oxide is widely used both industrially 
and as a home product for antibacterial, antifungal and mothproofing 
preservation of fabrics, wood and other materials. It is also used as 
an antifoulant for marine vessels and in hospitals for the eradication 
of antibiotic resistant bacteria (Luijten, 1972).
Triphenyltin derivatives are used in agriculture as antifungal 
agents on certain crops, although their phytotoxicity restricts their 
use; and tricyclohexyltin hydroxide is an effective acaricide on fruit 
trees (Smith & Smith, 1975)* An important feature of these compounds is 
that they do not penetrate the plant and have a short half-life in the 
field - only 3 to 4 days for triphenyltin acetate.
The insecticidal activity of the triorganotin compounds is greatest 
for trimethyl- and triethyltin. These are too toxic to mammals to be 
used however, but tributyl-and triphenyltin derivatives have been 
successful due to a toxic action and an anti-feeding action (Luijten, 
1972).
Toxicity of organotin compounds
The toxicity of organotin compounds to mammals varies considerably 
depending on the number of Sn - G bonds and the number of carbon atoms 
in the side chains,
i) Monoorganotin compounds
Little work has been done on the toxicity of the monoalkyltin 
compounds reflecting their limited use as mentioned above. Stoner 
et al., (1955) obtained an LD^qq value for rats given monoethyltin
5trichloride (intraperitoneally) of 200mg kg" , with no distinctive
-1symptoms. In rabbits however, even 150 mg kg" (intravenously) was
not fatal, although the animals showed similar symptoms to those given
triethyltin. These were much less severe however, and within 1 hour
the animals were behaving normally again. Belyaeva et al., (1976)
reported an oral LD^q for rats dosed with monobutyltin trilaurate of 
-1325 mg kg” and Pelikan and Cerny (1970) obtained oral LD^q values in
-imice for three monobutyltin compounds in excess of 1400 mg kg . The
monoalkyltin compounds are therefore of comparatively low toxicity.
On oral administration of monoethyltin trichloride (25 mg kg )
to the rat, more than 90% of the tin was excreted in the faeces and less
—Ithan 2% in the urine. When given intraperitoneally (12.5 nig kg )> the 
compound was largely excreted unchanged in the urine. Monoethyltin 
trichloride does not therefore appear to be metabolised in the rat 
(Bridges et al., I967).
ii) Diorganotin compounds
Barnes and Stoner (1958) studied the toxicity of a series of 
dialkyltin dichlorides in rats (and three other species). Dibutyltin
-1dichloride was found to be the most toxic, causing deaths at 40 mg kg
(oral). As the number of carbon atoms in the alkyl groups decreased,
the oral toxicity also decreased and deaths with methyl, ethyl and propyl
-1derivatives were seen at 160 mg kg . The toxicity also decreased with
derivatives above butyl, and trioctyltin was found to be completely
-1non-toxic, with 400 mg kg given for several days being tolerated with
no ill-effects. After intravenous administration however, dialkyltin
derivatives from pentyl to octyl all exhibited a similar toxicity (deaths 
-1at 10 - 20 mg kg ), but the methyl and ethyl compounds were less toxic. 
The lower dialkyltin compounds were found to be skin irritants
when applied percutaneously to rats with the methyl and ethyl 
derivatives the most potent. Dermal effects have also been demonstrated 
in humans after industrial exposure to dibutyltin salts (Lyle, 1958).
This effect was less pronounced with the higher homologues, no effect 
being found with dioctyltin dichloride; and the guinea-pig appeared 
more resistant than the rat.
Rats given toxic doses of dialkyltin compounds showed no special 
symptoms of poisoning other than looking generally ill (Barnes & Stoner, 
1958). A special feature found with the toxic compounds (except the 
dimethyl derivative) however, was an inflammatory bile duct lesion. This 
has been described in detail for dibutyltin, the most potent compound in 
this respect (Barnes & Magee, 1958). A species difference was observed 
for this damage to the biliary system (Barnes & Stoner, 1959; man appa­
rently being insensitive) which was thought to be due to the variation 
in the anatomical relationship of the bile and pancreatic ducts. It 
is interesting to note that arsenicals have also been reported to cause 
biliary damage in the guinea-pig and to a lesser extent in the rat 
(Cameron et al.. 1946; Barnes & Stoner, 1959).
The toxicity of the dialkyltin compounds is dependent on the
nature of the anion to a certain extent, and some of the compounds used
as stabilizers for plastics with Sn - S linkages are much less toxic
than the corresponding halide; e.g. the oral LD^q values for the rat
for dimethyltin dichloride and dimethyltin-SS*-bis-(iso-octyl
“1mercaptoethanoate) are 70 - 80 and > 1000 mg kg" respectively (Smith 
& Smith, 1975). A comprehensive review of the toxicity of many of the 
dialkyltin compounds used in plastics has been published by Piver (1973).
A recent study by Seinen and Willems (1976) in which rats were fed 
dioctyltin dichloride in the diet at concentrations of up to 150 ppm for
6 weeks reported the only pathological lesion to be a significant 
atrophy of the thymus and thymus-dependent tissue.
-1
After administration of diethyltin dichloride (10 mg kg ) to 
rats (intraperitoneally), one-third of the tin was excreted in the 
urine mostly as monoethyl tin. The bulk of the remainder was found 
in the faeces, again mainly as monoethyltin, implicating biliary 
excretion of diethyltin and suggesting dealkylation in the gut as well 
as other tissues (Bridges et al.. 1967; Casida et al., 1971).
iii) Triorganotin compounds
Administration of tetraethyltin (25 mg kg” intravenously) to rats, 
resulted in the same symptoms and level of toxicity as observed 
following the administration of triethyltin salts, after an initial 
delay of 1 to 2 hours (Stoner et al., 1955)• Cremer (1958) showed that 
tetraethyltin was converted to triethyltin in mammals, predominantly by 
the microsomal fraction of the liver, and that tetraethyltin per se 
was not toxic to mammals, but was readily dealkylated to triethyltin 
and exerted its toxic action as such.
Trialkyltin salts are the most toxic of all the tin compounds 
to mammals, reaching a maximum with triethyltin. Barnes and Stoner 
(1958) obtained LD^q values for trialkyltin acetate given orally to
rats, from methyl through to octyl. Triethyltin acetate was shown to
1 1 
have an LD^q value of k mg kg” for female rats, (7 .6 mg kg” for male
—1
rats); the toxicity of trimethyltin was 9 mg kg” . The toxicity also
decreased through ethyl to octyl until with trioctyltin acetate an
-1LDj-q of more than 1000 mg kg was found. Trimethyl- and triethyltin 
were found equally toxic by the oral, intravenous, and intraperitoneal 
route (Stoner et al., 1955)• nature of the anion usually has little
effect on the toxicity of trialkyltin compounds (Evans & Smith, 1975)»
consistent with their known mode of action.
The most characteristic symptom of trialkyltin poisoning in the 
rat after an LD^q dose, was found to be a generalised weakness 
starting with the hind limbs and initially lasting 3 - ^ hours. The 
rat then recovered slightly but within 2k hours a more severe weakness 
was apparent,leading to death. A lowering of the body temperature was 
also observed throughout this period. This pattern was consistent 
throughout the toxic alkyl homologues except for trimethyltin, where 
after the initial weakness, tremors and irritability were observed, and 
death might be delayed for several days (Barnes & Stoner, 1958)*
Altering the route of administration or increasing the dose did not 
change the picture; with the latter the weakness was simply accentuated, 
and the secretion of "red tears" was observed.
Stoner (1966) reported toxicity data for triphenyltin acetate
which was a little different from that for trialkyltin salts. The guinea-
pig was found to be very sensitive to intraperitoneal administration and
-1an LD^q value of 3*7 mg kg was found; triphenyltin was also very toxic 
to the rat by the same route, but unlike triethyltin, the oral toxicity 
was significantly (10 fold) less in both species. Triphenyltin was also 
found to accumulate in the guinea-pig when given in the diet (due to 
limited metabolism and excretion) and deaths occurred when the amount 
consumed approached an acutely lethal dose (Stoner, 1966; Stoner &
Heath, 1966).
In addition to the toxicity once ingested, several triorganotin 
compounds have a sternutatory action (McCombie & Saunders, 19^7) and all 
tributyltin compounds cause skin lesions when applied to rats (Barnes 
& Stoner, 1958). Administration of bis(tributyltin)-oxide, one of the 
most used trialkyltin compounds, (0 .5 mg kg ) to the eyes of rabbits,
was shown to produce lesions after only a few hours, and severe and 
irreversible damage developed after 2 - 3  days (Pelikan, 1969).
The pathological symptom of trialkyltin poisoning which has 
attracted most attention is undoubtedly the production of cerebral 
oedema by the triethyl-, tri-n-propyl- and tri-iso-propyl-, and to a 
lesser extent tributyltin derivatives (Magee et al., 1957; Barnes & 
Stoner, 1958; Elsea & Paynter, 1958; Graham et al., 1976). These are 
the only triorganotin compounds so far shown to produce the oedema, and 
it is interesting to note that the corresponding trialkyl-lead compounds 
are also unable to produce it (Cremer, 1959)* The lesion has been
produced in the rat (Magee et al., 1957)» dog (Zoltan & Gorini, 1970),
cat (Kalsbeck & Cummings, 19&3)» rabbit (Levy et al., 1975) and roan 
(Barnes & Stoner, 1959)» and is apparently completely reversible once the 
exposure to the trialkyltin is stopped (Magee et al., 1957)• The
severity of the cerebral oedema produced by trialkyltin salts has been
shown to be reduced by administration of corticosteroids (Taylor et al., 
1964). Attempts to produce the lesion in the guinea-pig failed 
(Kalsbeck & Cummings, 19&3) ^ d  -^n mice led to a diffuse swelling of the 
brain (Torack et al., i960).
The central nervous system lesion (brain and spinal cord) may be 
described as intramyelinic vacuole formation containing an ultrafiltrate 
of plasma occurring by splitting of the myelin lamellae at the intra­
period line, but with no enlargement of the extracellular space. A 
useful review of the pertinent references may be found by Torack et al., 
(1970). Graham and Gonatas (1973) reported the formation of intra­
myelinic vacuoles in peripheral nerves also, of rats fed triethyltin, 
identical to those observed in the central nervous system. Older animals 
(12 months) were found more susceptible than younger animals (3 months).
Although an Increase in water content or myelinic vacuoles was not
seen in the central nervous system until at least 12 hours after
—1administration of a single dose (9 mg kg" ) of triethyltin (Torack
et al., 1970), swelling of some oligodendrocytes and astrocytic profiles
was reported by Butler and Gremer as early as 2 hours after dosing
(20 mg kg ; Cremer, 1973)* More recently, Jacobs et al., (1977)» in
a study of the acute effects of triethyltin on the myelin sheath,
-1demonstrated intramyelin vacuoles in 2 hours after 10 mg kg and 1 hour 
-1after 20 mg kg , with no preceding changes in astrocytes or oligo­
dendrocytes. The reason for these differences is not clear, and the 
mechanism whereby triethyltin produces this cerebral oedema is still 
unknown.
Triorganotin compounds have also been reported to have effects on 
the blood of intoxicated animals, producing increased platelet 
aggregation (O'Brien, 1964), probably by liberating ADP; increasing the 
haemolysis of erythrocytes of some species (inorganic sulphide and some 
sulphydryl compounds having a protecting effect), (Byington et al.,
1974); and affecting the blood composition and lymphatic tissues of 
mice (ishaaya et al., 1976), the latter effect proving a sensitive 
indicator for triphenyltin toxicity. Robinson (1969) showed that 
trialkyltin compounds also released adrenaline from the adrenals and 
depressed noradrenaline and 5“hydroxytryptamine levels in the brains of 
animals after dosing, but found a correlation between the toxicity of the 
tin compounds and their effects on tissue amine levels difficult to 
establish.
There is little evidence for the dealkylation of triethyltin salts 
in mammals (Rose, 1971). The higher trialkyltin compounds are 
metabolised only slowly (dealkylated). Kimmel et al., (1977) have shown
that tributyltin acetate is dealkylated in the rat and mouse via the 
microsomal monooxygenase system with a- and P-hydroxy derivatives 
being the major stable intermediates.
Mechanism of toxicity
The toxicity of the organotin compounds may be seen to fall into two 
classesj the di- and triorganotins, typified by di- and triethyltin.
Both compounds are very toxic and from the symptoms produced in 
poisoned animals would be expected to exert their effects through 
interactions on different biochemical pathways. There have been many 
investigations aimed at identifying the biochemical lesion(s) leading 
to the toxic effects; these have been successful for diethyltin, and have 
lead to both the identification of an effective therapy for poisoned 
animals, and a tool for biochemical studies. Ihe investigations on 
triethyltin however, have not been successful in finding a unique 
biochemical pathway, the'inhibition of which gives rise to the observed 
toxic effects, but have proved useful in providing a chemical tool for 
the analysis of those biochemical systems with which triethyltin 
interacts.
It is intended to briefly review the results leading to an 
explanation of diethyl tin toxicity, and then to turn to the investigations 
of the interaction of triethyltin salts with biochemical systems and to 
introduce the area of study with which the work presented in this thesis 
is concerned.
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Biochemical effects of diethyltin dichloride
Stoner et al., (1955) observed that administration of British- 
-Anti-Lewisite (B.A.L., 2,3-dimercaptopropanol) could antagonise the 
symptoms of rats treated with diethyltin dichloride, but not 
triethyltin sulphate. The action of B.A.L. in preventing arsenical 
poisoning was well known to be through the complexing of the ter- 
valent arsenic by the dithiol to form a stable 5-membered ring 
(Peters, 19^8). The interaction of diethyltin with mono- and di- thiols, 
(glutathione and B.A.L.) was studied by Aldridge and Cremer (1955) who 
demonstrated that diethyltin behaved like the arsenicals lewisite and 
phenylarsenious acid in combining avidly with dithiols but to a much 
smaller extent with monothiols.
The analogy with the arsenicals was pursued, and it was found that 
diethyltin, when added to rat brain brei oxidising lactate, depressed 
oxygen consumption and led to an increase in pyruvate levels over the 
control. An increase in a-keto-acids found in rat liver mitochondria 
treated in vitro with diethyltin, and the return to control levels after 
the addition of B.A.L. (Aldridge & Cremer, 1955) confirmed the action of 
diethyltin to be the inhibition of the a-keto-acid oxidase systems, as 
with phenylarsenious acid (Peters et al., 19^6; Peters, 19^8; Stocken & 
Thompson, 19^6). The combination of diethyltin may be with the 
essential coenzyme lipoic acid, or with the enzyme lipoyl dehydrogenase, 
both known to possess dithiol groupings of the correct configuration 
(Massey & Veeger, I96I).
The elucidation of this mode of action of diethyltin was made 
considerably.easier by the knowledge obtained from the previous work on 
the mechanism of action of arsenicals, and illustrates one of the 
advantages to come from in depth studies of the interaction between a
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chemical and a biochemical system (Aldridge, 1973)*
Biochemical effects of triorganotin compounds.
Triethyltin has been the compound chosen for most of the work since 
it is the most toxic in its class and possesses convenient physical 
properties. The original paper by Aldridge and Cremer (1955) identified 
the two areas on which most of the studies into the mechanism of 
toxicity of triethyltin have developed, namely the effect on the 
metabolism of nervous tissue (in connection with the production of 
cerebral oedema and the involvement of the nervous system as apparent 
from the symptoms of triethyltin poisoning), and the effect on the 
oxidative phosphorylation of rat liver mitochondria.
Effect on respiration of rat brain slices
Cremer (1957) studied the effect of triethyltin on the respiration of 
rat tissue slices and found that only brain slices were significantly 
affected at 10~^M triethyltin with respect to a depression of oxygen 
utilisation (with glucose as substrate) and pyruvate levels, and an 
increase in lactate; the latter effects being due to continuing glycolysis. 
Both liver and kidney slices however, were Unaffected, even with higher 
concentrations of triethyltin present (a slight effect was seen in 
kidney slices at 2 x 10~^ M triethyltin). With pyruvate as substrate, 
there was a slight increase in respiration by rat brain slices in the 
presence of triethyltin, but with glutamate as substrate, no effect on 
respiration was observed (Cremer, I962). Triethyltin was shown to have 
no effect on the entry of glucose into the brain slices (Cremer, I967).
The inhibition of oxidation of substrate in brain slices by triethyltin 
is therefore dependent on the substrate being used.
Incorporation of substrate into amino acids in the brain
Cremer (19&0 studying the effect of triethyltin on the incorporation
of glucose into amino acids in the brain, both in vivo and in vitro,
showed that in vivo there was a small (but significant) depression of
measured levels of alanine, glutamate and )$-aminobutyric acid in the
brain following triethyltin administration, the latter two amino acids
being consistent with the observed symptoms of weakness and lowered
body temperature. This was not reflected, however, in the observed
relative specific activities of these amino acids in rats ( C-glucose
as substrate) given triethyltin. In vitro however, marked changes in 
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the conversion of C-glucose to amino acids were observed, mainly on 
account of the dramatic inhibition of glucose oxidation in the brain 
slices. The effects of triethyltin measured on brain slices therefore 
appeared to have been exaggerated and did not accurately reflect the 
changes observed in vivo. The administration of triethyl-lead, while 
producing different effects in the amino acid composition, also gave 
rise to the in vivo/in vitro discrepancy.
In a more recent study on the effect of triethyltin administration
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on the incorporation into amino acids of C from labelled glucose and 
acetate in rat brain in vivo, Cremer (1970) found that with glucose as 
substrate, the labelling of glutamate, glutamine, ft-aminobutyric acid 
and aspartate was greatly decreased, whereas with acetate as substrate, 
the labelling was unaffected. Cremer suggested that there may be 
compartmentation of distinct tri-carboxylic acid cycles within the brain, 
and that triethyltin inhibited one concerned with the metabolism of 
pyruvate formed from glycolysis.
The possibility of one cell type being very sensitive to 
triethyltin might be a hypothesis for the production of oedema, if this
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cell were involved in the maintenance or support of the myelin sheath, and
the fluid accumulation were the result of a metabolic disorder rather
than a physico-chemical permeability effect. Further work to localise
the cell types containing the different metabolic cycles and to try to
define the site of action of triethyltin at a cellular level would be
needed to investigate this hypothesis (Cremer, 1973)■
Wender et al., (1975) and Owsianowski (197&) have recently shown that
cholesterol levels in rat brain (white matter) are decreased up to 48
-1hours after injection of triethyltin sulphate (4 mg kg" ) through a 
disturbance in its biosynthesis. Cholesterol is a major component of 
myelin (Norton, 1975) and its depletion may indicate damage to the 
maintenance of the myelin sheath.
Inhibition of oxidative phosphorylation by trialkyltin compounds
Following the initial observation that triethyltin was an inhibitor 
of oxidative phosphorylation (Aldridge & Cremer, 1955)> Aldridge (1958) 
examined the trialkyltin salts from methyl to octyl for their activity 
towards rat liver mitochondria both in resting state 4 and phosphory- 
lating state 3» and in the presence of the uncoupler 2,4-dinitrophenol 
(known to stimulate ATPase activity). The overall pattern observed with 
the homologues was remarkably consistent, and all (except trioctyltin) 
inhibited both the ATPase of control mitochondria and that stimulated 
with 2,4-dinitrophenol. Mitochondria were found more sensitive to the 
effects of the trialkyltin compounds when in state 3» and concentrations 
of triethyltin (the most potent inhibitor tested) of 10""^  M were 
sufficient to produce an effect. Also noted with some of the lower 
homologues was the ability to stimulate slightly the ATPase activity over 
a limited concentration range, before they produced inhibition, followed
' • i
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again at much higher concentrations of trialkyltin by greater 
stimulation of ATPase activity. It was considered that these two 
activations of the ATPase occurred by different mechanisms. Aldridge 
concluded that the data suggested that the trialkyltins were acting 
at a step between the electron transport chain and the formation of 
ATP.
These results were essentially confirmed by Moore and Brody 
(1961a) in an attempt to relate the observed toxicity of triethyltin 
to the inhibition of oxidative phosphorylation in preparations from rat 
brain and liver in vitro.
Aldridge and Street (1964) found that the small (compared with
2,4-dinitrophenol) stimulation of ATPase observed previously with 
trialkyltin compounds was accompanied at the same concentration by a 
limited swelling of the mitochondria. The larger stimulation of the 
ATPase, occurring at higher concentrations with tripropyl and tri­
butyl tin however, was accompanied by gross swelling and a complete 
absence of respiration. Moore and Brody (1961b) had previously obtained 
similar results and shown that the swelling occurred both in sucrose and 
KG1 and was unaffected by the presence of EDTA in the medium.
Stoner and Threlfall (1958) measured phosphate levels and the 
32distribution of J P in the tissues of rats following triethyltin
administration in an attempt to correlate the in vitro effects of the
inhibition of oxidative phosphorylation with toxicity in vivo, (Aldridge
& Threlfall, I96I). They found impaired entry of -^P into the brain
32but not the liver, and reduced incorporation of ^ P into phospho­
lipids in the brain. It was found difficult to correlate their results 
with the observed toxicity however, and it seems unlikely that the 
inhibition of oxidative phosphorylation would have been deduced from
monitoring in vivo effects. Rose and Aldridge (1966) investigated the
incorporation of [-^P]-phosphate into rat brain phospholipids as
performed by Stoner and Threlfall (1958)» and also when the animals
were maintained at normal body temperature (compensating for the
hypothermia observed with triethyltin), and found that in the latter
32
case, no significant decrease in ^ P incorporation into brain phos­
pholipids over the control was observed.
In the two earlier papers, Aldridge had identified most of the 
major effects of triorganotin compounds on oxidative phosphorylation in 
mitochondria (Aldridge, 1958; Aldridge & Street, 19&0. It is only after 
detailed study of the individual actions of these compounds on the 
mitochondria and other systems however that the mechanism of action 
has become a little clearer.
Distribution of triethyltin in the rat
Distribution studies of triethyltin in the rat (administered in 
the diet) were performed by Cremer (195?) who analysed for triethyltin 
by a chemical method (Aldridge & Cremer, 1957) and found the blood to 
contain more than any other tissue, with the liver second. In the 
blood the triethyltin was found to be associated with the erythrocytes.
In contrast to the rat, rabbit erythrocytes were not able to withold 
such amounts of triethyltin. In order to determine the tissue 
distribution of triethyltin and to see if there was concentration of 
the tin, indicative of binding, in any of the tissues, Rose and 
Aldridge (19&8) studied the distribution of triethyl[^^Sn]tin 
chloride in rats, guinea-pigs and hamsters. In all three species the 
liver was found to contain large amounts of triethyltin, but in.the 
rat only, was this exceeded by the amount in the blood. The kidneys 
also had a comparatively high level of triethyltin, but the remaining
organs analysed, including the brain, were all approximately equally 
labelled. The subcellular distribution was determined in the rat 
liver, kidney and brain and in guinea-pig liver, and when expressed 
per mg of protein, the only fractions found to have above average 
amounts of triethyltin were the liver supernatant fractions of both 
species, and the mitochondrial fraction from rat liver and kidney.
Specific binding of triethyltin
Rose (1969) showed that the triethyltin accumulation in rat 
erythrocytes observed after administration to whole blood was due 
to binding of triethyltin to the haemoglobin, with 2.0 - 2 .2 mol 
triethyltin binding per mol of haemoglobin. Examination of other 
biological proteins of interest has shown triethyltin to also bind to 
rat brain myelin (Lock & ,Aldridge, 1975)» guinea-pig liver supernatant 
(Rose & Lock, 1970) and rat liver mitochondria (Aldridge & Street,
1970).
A variety of pure proteins (including albumin) and other haemo- 
globins were analysed for the ability to bind triethyltin, but no 
measurable binding to any was found, except a low affinity for mouse 
haemoglobin (Aldridge & Street, 1964; Rose & Aldridge, 1968). This lack 
of reactivity had been observed previously for triethyltin with EDTA 
(Aldridge & Cremer, 1957) and both mono- and di-thiols (Aldridge & 
Cremer, 1955)• The binding of triethyltin is therefore specific for 
very few proteins.
The binding of triethyltin to rat liver mitochondria was investi­
gated by Aldridge and Street (1970) who found the presence of more 
than one class of site, as with the protein in liver supernatant and
rat brain myelin. The affinity constant for the high-affinity sites 
c —1
was 4.7 x 10^ M , which was consistent with the observed inhibition 
of oxidative phosphorylation, occurring at 0.1 - 10 jM, if this site
was involved in the oxidative phosphorylation process. This class of 
site was purified “by the solubilisation of 85% of the mitochondrial 
protein with the detergent Triton X-100 and shown to contain no 
appreciable ATPase activity. The affinity of trimethyltin for the 
mitochondrial site was approximately l/40 that for triethyltin - again 
consistent with the inhibitory power of the two compounds against 
oxidative phosphorylation.
On the basis of the results of binding studies, Aldridge 
(Aldridge & Rose, 1969; Aldridge & Street, 1971) proposed a mechanism 
for the coupling of electron transport to the synthesis of ATP. This 
was formulated on the assumption that the inhibition of oxidative 
phosphorylation observed with triethyltin was due only to the effect 
of binding of the tin to a macromolecular component and that there was 
no other contributory mechanism. This required a direct relationship 
to be established between the inhibitory effect of triethyltin and its 
binding to the energy conservation system. The ratio of the percentage 
inhibition observed compared with the percentage of the binding site 
occupied by triethyltin was however, shown to depend on the substrate 
used (Aldridge & Street, 1971). With succinate or pyruvate as substrate, 
the percentage inhibition of oxidative phosphorylation was ten times the 
percentage binding site complexed by triethyltin. When ascorbate was 
the substrate however, there was approximately a 1:1 correlation. The 
hypothesis was put forward in this light that there were ten equal, sites 
for triethyltin composing the electron chain - phosphorylation coupling 
mechanism, and that binding of triethyltin to any one site would lead 
to the inhibition of oxidative phosphorylation with succinate or pyru­
vate as substrate, but to explain the above results with ascorbate it 
was necessary to postulate that the site proximal to the formation of
ATP had to be occupied to produce inhibition of oxidative phos­
phorylation with ascorbate as substrate. Although not unequivocally 
proven, the hypothesis was proposed in order to stimulate further 
experiments to test its validity.
Chloride/hydroxide exchange
In response to the paper of Aldridge and Rose (I969), Selwyn et 
al., (1970) showed that trialkyltin compounds were able to facilitate 
a chloride/hydroxide exchange across biological and artificial membranes. 
The effect of this function of trialkyl-and triphenyltin compounds on 
the mitochondrion was investigated by Stockdale at al., (1970) who 
showed that trialkyltin compounds were able to discharge an electro­
chemical potential gradient (composed of a gradient of protons or other 
ions) across the mitochondrial membrane, and to cause swelling of the 
mitochondrion depending on the nature of the cation used in the medium. 
The collapse of the electrochemical potential gradient across the 
mitochondrial membrane by the trialkyltin compounds provided support 
for the views of Mitchell, the main proponent of the chemiosmotic 
theory of oxidative phosphorylation (Mitchell, 196l). The chloride/hydrox 
ide exchange also explained the observation of Manger (1969), that 
triethyltin chloride reduced the intramitochondrial concentration of 
substrate, since the entry of substrate anions into the mitochondrion 
had been shown to be as a result of exchange with hydroxide (Chappell, 
1968).
The swelling of the mitochondria (Stockdale et al., 1970) was slight 
if a cation (e.g. potassium) was used whose entry into the mitochondrial 
matrix was limited to an exchange with protons, but was severe, resulting 
in structural damage and an inhibition of all respiration, if a freely- 
-penetrant cation (e.g. ammonium or sodium) was used (Selwyn et al.,
1970; Aldridge et al., 1977). The trialkyltins were also able to 
produce another swelling effect on mitochondria, at higher concen­
trations, thought to be due to a detergent-like action on the mito­
chondrial membrane (Stockdale et al., 1970; Aldridge et al., 1977)* 
again leading to gross structural changes. The higher homologues of 
triethyltin were shown to produce the latter effect at lower concen­
trations than triethyltin, which might mask the other oligomycin-like 
and uncoupler-like effects (Aldridge et. al., 1977) .
The uptake of radiolabelled chloride by mitochondria in the
presence of triethyltin has recently been measured directly and shown 
to depend on the concentration of triethyltin in the same way as the 
ATPase activity measured in the presence of triethyltin (Skilleter, 1976).
Rose and Aldridge (1972) confirmed the observation of Stockdale 
et al., (1970) by measurement of the inhibition of oxidative phosphory­
lation in mitochondria, due to triethyltin in media containing permeant 
(chloride) or non-permeant (nitrate and isethionate) anions. The 
binding of triethyltin to intact mitochondria however was shown to be
independent of the nature of the anion.
Both of the above mechanisms of action of triethyltin, i.e. the 
binding and the Cl"/OH” exchange are independent of the nature of the 
original triethyltin anion, which is in agreement with the observed 
toxicity data.
Three mechanisms for the inhibition of oxidative phosphorylation in 
rat liver mitochondria have therefore been identified:
i) binding to the energy conservation apparatus - causing the oligomycin- 
like inhibition of coupled phosphorylation and ATPase activity 
stimulated by 2,4-dinitrophenol.
ii) chloride/hydroxide exchange - causing the inhibition of
2 ,4-dinitrophenol stimulated respiration, increased sensitivity of 
the 2,4-dinitrophenol stimulated ATPase, swelling of the mito­
chondria and a limited uncoupling action,
iii) detergent-like action - causing gross swelling of the mitochondria, 
structural damage and total loss of respiration (Stockdale et al., 
1970; Aldridge.& Street, 1972; Aldridge, 1976; Aldridge et al.,
1977).
Importance of binding of triethyltin to proteins
The binding of triethyltin to mitochondria is clearly of importance 
in determining the mode of action of both oligomycin and triethyltin, and 
in understanding the chemistry of the site of action of these compounds. 
The ATPase activity of the recombined FqF^ complex isolated from beef 
heart mitochondria has been shown to be inhibited by treatment of the 
isolated fraction with both tributyltin and oligomycin before 
recombination with the fraction (Kagawa & Racker, 1966). It is 
tempting therefore to speculate that trialkyltins bind to the hydrophobic 
Fq fraction of mitochondrial ATPase.
Owing to the complexity of the process of oxidative phosphorylation 
and its dependence on a membranous structure, investigation into the 
nature of the chemical groups involved in binding triethyltin is 
difficult. The emergence of a group of proteins binding, triethyltin 
with similar affinity, in addition to liver mitochondria and brain myelin 
(both of which may be intimately involved in triethyltin toxicity) was 
therefore of great interest. The proven selectivity of triethyltin for 
only very few proteins (Rose & Aldridge, I968) and the similarity of 
their affinity constants for binding, suggested that the chemical inter­
action between triethyltin and such protein may be the same in each case, 
and that the more simple and well-characterised rat haemoglobin may be
useful as a model to study the chemical basis for the interaction of 
triethyltin with proteins.
Rose (1969) and Rose and Aldridge (1972) have shown that there 
are 2.0 - 2.2 binding sites for triethyltin-per molecule of rat 
haemoglobin. Based on the observation that the binding of triethyltin 
could be removed by photooxidation of the haemoglobin in the presence 
of a dye, and that the rate of loss of binding correlated with, and 
was equal to twice the rate of loss of histidine, the hypothesis was 
presented that triethyltin bound to two histidine residues at each site 
in rat haemoglobin (Rose, I969). This was incorporated in the theory 
suggested by Aldridge and Rose for the mechanism of the coupling of 
electron transport to the synthesis of ATP. Histidine residues were 
particularly attractive in this role as of their known ability to 
"transport" protons (Aldridge & Rose, 19^9; Zundel, 1976).
Studies on the protein from guinea-pig liver supernatant which 
binds triethyltin, revealed a more complex loss of amino acids on 
photooxidation than rat haemoglobin, but loss of histidine was again 
correlated with loss of binding (Rose & Lock, 1970).
It was with the aim of continuing investigations on the chemical 
nature of the binding site for triethyltin on haemoglobin, and trying 
to assess the relevance of this site in relation to the observed effects 
of triethyltin on mitochondrial function and the myelin fraction from 
the central nervous system that the work presented in this thesis was 
undertaken.
MATERIALS
Triethyltin sulphate was prepared from triethyltin hydroxide 
supplied by the International Tin Research Institute, Greenford, 
Middx., U.K. as described by Aldridge and Cremer (1955)•
Triethyl%n]tin chloride (8 .6 mCi mmol’’^ )was purchased from the 
Radiochemical Centre, Amersham, Bucks, U.K. and stored as a 100 mM 
stock solution in ethanol at -20°C. The following were obtained as 
gifts: Synacthen, a pure synthetic polypeptide comprising the first 
2^ amino acid residues of adrenocorticotropin (Kappeler & Schwyzer, 
1961) from Dr. D. Elliott, C.I.B.A.,Horsham, Sussex, U.K.; purified 
glutathione S - transferase A and B, and [%]oestrone sulphate from 
Drs, B. Ketterer and E. Tipping, Courtauld Institute of Biochemistry, 
Middlesex Hospital, London, U.K.; diethyltin dichloride from 
Dr. G.J.M. Van der Kerk; phenylarsine oxide from A.H. Ford-Moore; 
dibutylchloromethyltin chloride from Dr. K. Cain, M.R.C.Laboratories 
Carshalton, Surrey, U.K.; tributyltin N,N-diethylethanolamine and 
tributyltin thio-iso-octyl-acetate from Dr. P.J. Smith, International 
Tin Research Institute, Greenford, Middx., U.K.; diethylphenyltin 
bromide, £ 2- [(dimethylamino)methyl]-phenylj die thy ltin bromide, 
di- 2- [( dime thylamino ) me thyl ]-phenyl "J- ethyltin bromide, and 
^ 2,6-bis[(dimethylamino)methyl]-phenyl diethyl tin bromide from 
Dr. J. G. Noltes, T.N.O., Utrecht, Netherlands.
The following were purchased: triethyl- and tri-n-propyl-lead 
acetate, trimethyltin hydroxide and tri-n-butyltin acetate from 
Alfa Chemicals, Beverley, MA, U.S.A.; phenylmercuric acetate from 
Hopkin and Williams Ltd., Chadwell Heath, Essex, U.K.;
1,2-dichloro-4-nitrobenzene from Koch-Light Laboratories Ltd., 
Colnbrook, Bucks., U.K.; dialysis tubing (18/32") from Gallenkamp & 
Go. Ltd., London, U.K.; Sephadex G75 resin (40-120 y. particle size) 
from Pharmacia Fine Chemicals, Uppsala, Sweden; ampholines (pH range 
5-8) from L.K.B. Instruments, South Croydon, London, U.K.; Bio-Rex 70 
ion-exchange resin (100-200 mesh, Na form) from Bio-Rad Laboratories 
Ltd., Bromley, Kent, U.K.; FeCl^ (a standard solution for atomic 
absorption spectroscopy) from B.D.H. Chemicals Ltd., Poole, Dorset, 
U.K.
All other chemicals were obtained from Sigma Chemical Co.,
St. Louis, M0, U.S.A. or B.D.H. Chemicals, Poole, Dorset, U.K.
C H A P T E R  2
A. Binding of triethyltin to cat and rat haemoglobint 
an examination of stoichiometry.
INTRODUCTION
Triethyltin has been shown to bind to rat haemoglobin with an 
affinity similar to that obtained for the limited number of other 
proteins with Which it combines (Rose, I969). Haemoglobin, however, may 
be obtained as a pure protein and the molecular weight is known to be
A
64-65000 g mol . It is therefore possible to determine the number of 
triethyltin binding sites per molecule of haemoglobin from a simple 
Scatchard plot of binding data obtained at different triethyltin concen­
trations (Scatchard, 1949). This has been done for rat haemoglobin and 
the result of fitting a straight line to the data was a value of 2.2 for 
the number of triethyltin binding sites per molecule (Rose, 19&9; Rose 
& Aldridge, 1972). A non-integral number of binding sites is difficult 
to rationalise in molecular terms and Rose obtained a reasonable expla­
nation of the data by postulating a positive cooperativity between two 
binding sites, and using a curve to fit the Scatchard plot (Rose, 1969).
It has been observed that cat haemoglobin also binds triethyltin, 
again with a non-integral number of binding sites - between two and three 
per molecule (Aldridge & Street, unpublished observations). It is 
important, therefore, to clarify the number of the binding sites on 
these haemoglobins to see if there are two or three sites per molecule 
and if there is any evidence of cooperativity between the sites on cat 
haemoglobin.
Rat haemoglobin is well known for the ease with which it crystallizes 
fix>m concentrated solutions in the form of micro-crystals, which are 
then relatively insoluble in water (Aldridge, 1951). It will be useful 
to know if cat haemoglobin is more convenient to work with, particularly for
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experiments involving physico-chemical measurements (N.M.R.,
Moessbauer and X-ray diffraction studies) where concentrated solutions 
or well formed crystals are essential.
METHODS
Preparation of haemoglobin solutions
Heparinised whole blood was obtained from the rat, mouse 
(Porton-Wistar and BalB.c, L.A.C,, Carshalton, Surrey), cat (L.A.C. 
Carshalton, Surrey and N.I.M.R., Mill Hill, London), and human (B.M.E.), 
The erythrocytes were spun down at approximately 2000 g and washed 
three times with 0.9$ saline. They were then stored frozen (-10°C) 
or lysed immediately in an equal volume of distilled water and 
frozen-thawed twice in meths/cardice to ensure maximal rupture of the 
cells. Any intact cells remaining were spun down with the envelopes 
at approximately 10000 g for 20 minutes. Rat haemoglobin was not 
subjected to the freezing steps however, since this resulted in immediate 
crystallization of the haemoglobin.
The human and mouse haemoglobins were used as this lysate (2 
or 3 mM), the rat and cat haemoglobins were left in the oxy-form at 
^°C and allowed to crystallize. Rat haemoglobin crystallized spon­
taneously at 4°C as micro-crystals, cat haemoglobin however, was found 
to crystallize in a controlled manner over a period of weeks. The 
crystals were rinsed once in cold distilled water, dissolved in 0.1 M 
KH^PO^ adjusted to pH6 with NaOH and stored at ^°C.
Estimation of haemoglobin concentrations
The concentrations of haemoglobin solutions were estimated
I
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spectrophotometrically from measurement of A ^ q for oxy-haemoglobin 
(O^.Kb) or for carboxy-haemoglobin (CO.Hb) solutions. The
absorbance of a given solution was found to be the same for the oxy- 
and carboxy-form when measured at these wavelengths. The haemoglobin 
concentration was then calculated using a molar extinction coefficient 
for the correct form of haemoglobin determined by previous workers in 
these laboratories from iron estimations on haemoglobin.
Determination of the molar extinction coefficient for haemoglobin 
solutions
The iron content of a given haemoglobin solution was measured after
digestion with HCIO^H^SO^ and related to its A^^, (O^.Hb) assuming a
molar ratio of iron to globin of ^:1. (5 M, 0.5 cm^) and HCIO^
(60%f 0.5 cm^) were added to a range of haemoglobin solutions (8 cm^
of approximately 2-10 ]M) in duplicate, in Kjeldahl flasks which had
been acid washed (2-3 g potassium permanganate in 200 cm^ conc. HoS0,.)2 Hr
and thoroughly rinsed in distilled water. Digestion was done over a 
micro-burner, driving off the water and HCIO^ until the remaining H^SO^
O
(approximately 0.5 cm) just started smoking. The flasks were left to
3 3cool and the following solutions added: 11 cm water, 5 cur of a
buffer mixture (l vol. 10 M NaOH to 9 vols. of 1M sodium acetate/l M 
hydroxylamine) and 2 cm^ of the sodium acetate/hydroxylamine mixture.
The solution was well mixed after each addition. This neutralised the 
remaining acid and was then left for 30 minutes to allow the complete 
reduction of the iron to the ferrous state. During this period the 
flasks were swirled gently to wash the neck of the flask and redissolve 
splashes of iron. A solution of 1,10-phenanthroline was then added
o
(2 cm » 0.1$, mixed, and the flasks heated at 100°C for 5 minutes in 
a water bath. After cooling to room temperature the solutions were
read at 500 nm in 2 cm cells against distilled water.
Suitable blanks and standard solutions of FeCl^ (a standard
3 —3
solution for atomic absorption spectroscopy, 8 cm , 0.5 to 5 }ig cm ) 
were treated similarly to construct a calibration curve of vs
.jig Fe. ■'
Measurement of triethyltin binding
Measurement of triethyltin binding to haemoglobins was carried out 
using equilibrium dialysis. Dialysis tubing was boiled in distilled 
water (3-^ changes) before use, and stored in the final wash water at 
4°C to prevent bacterial growth. Triethyltin solutions in buffer 
(5 cm^) were dialysed with shaking at 4°G, against the haemoglobin 
solutions (5 cnP) which were contained in dialysis sacs in stoppered 
tubes. This was done overnight (l? hours) to ensure complete 
equilibration of the triethyl^Sn]tin (Rose, I969). Aliquots of 
buffer (^ cm^) and haemoglobin (^ cm-^ ) were then counted to enable 
calculation of the bound triethyltin. The recovery of triethyl[^^Sn]tin 
in such dialysis experiments was usually better than 95%»
Measurement of triethylf^^Snltin 
113■^ Sn decays to a stable indium isotope passing through a 
metastable indium isotope;
113Sn + e --- » 113“ln + k' (ti = 118 days)
2
113mIn ----->1:L3In + i" (ti - 1.73 days).
2
The second gamma emission (0.391 MeV) represents most of the radiation
observed and is therefore the more convenient to measure. Solutions 
113containing Sn were left overnight (17 hours) to ensure steady state
concentrations of rn (which are reached at a rate proportional to 
the rate of the fastest step, i.e. ^-^Sn — ^ ^ I n  + # ). Owing to 
the tendency of indium to stick to glass and in. order to avoid 
upsetting the equilibrium, samples were prepared for counting before 
being left to equilibrate.
Separation of cat haemoglobins A and B
Separation was performed on a BioRex-70 cation exchange column by
elution with increasing concentrations of phosphate buffer (Taketa
et al., 1971). The resin (200 mesh) was obtained in the Na form and
was. converted to the H form (with HGl) before being thoroughly
equilibrated with 0.05 M KH^PO^ pH 6.5. This removes any extraneous
ions and provides a resin free of 'fines'. The column was packed
(3 cm x 28 cm) at 4°C and twice the bed volume of equilibrating buffer
was run through. 11.7 pmols of cat haemoglobin (from an animal
containing 50:50 haemoglobin A:B) in 5 cm 0.05 M KH^PO^ pH 6 .5 was
applied to the column and eluted with the same buffer. Haemoglobin B
3
came off immediately in a volume of approximately 50 cm leaving
haemoglobin A on the column. This was then removed in approximately
70 .cn? by eluting with 0.15 M KH^PO^ at pH 7.0 at room temperature.
3
5 cur fractions were collected and key samples analysed by isoelectric 
focussing. Fractions containing only haemoglobin A or B were pooled 
and dialysed against water to obtain pure specimens. The final 
recovery of A and B was better than 90$.
It was necessary to dialyse the haemoglobin before application to 
the column. With the crude undialysed lysate, the haemoglobin A was 
found to be eluted slowly with the 0 .05 M phosphate buffer at 4°0, 
considerably reducing the separation. This is presumably due to ions
* 32
present in the lysate competing with the resin for charged residues 
on the haemoglobin.
Identification of cat haemoglobins A and B by isoelectric focussing
Analytical resolution of cat haemoglobins A and B was achieved 
by isoelectric focussing in polyacrylamide gels by a modification of 
the method of Drysdale et al., (1971)• This involved the formation of 
a pH gradient across a large pore-size gel with ampholines, and 
allowing the haemoglobins to migrate until they reached their pi 
position. They were then focussed into thin bands.
Polyacrylamide gels (10 cm x 0.3 cm) were prepared by mixing 
equal volumes of solutions containing final concentrations of (l) 
acrylamide (w/v) (composed of 25si acrylamide : NN'methylene-bis- 
-acrylamide), ampholines 2$ (w/v), pH range 5-8 > and (2) ammonium 
persulphate 0.08$ (w/v), N,N,N',N',-tetramethylethylenediamine 0.02$ 
(w/v) dissolved in distilled water. The gels were prerun at k°C in a 
Shandon electrophoresis apparatus for 10 minutes (to discharge 
excess persulphate) at 1 mA per tube supplied by a Vokam power pack.
0.02 M H^PO^ and 0.01 M NaOH were used as anolyte and catholyte 
respectively with the catholyte uppermost. During this time the voltage 
increased slowly and was then held constant at 400 V. Haemoglobin 
samples (20 pi, 150 pM in Wfo (w/v) ampholines) were put on the gels and 
current applied at 1 mA per tube. The voltage was held constant once 
it had reached 400 V and the samples left for 3 to 4 hours to focus.
The tubes were then removed and the positions of the bands noted before 
the gels were removed and scanned on a recording microdensitometer 
(Joyce, Loebl & Co. Ltd., Model E12 Mark III), The bands were cut out 
of the gel, eluted in 0.5 cur water and scanned on a Perkin Elmer SP 800
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in microcells as an alternative means of quantifying the haemoglobin 
present.
RESULTS
Binding of triethyltin to cat haemoglobin
A Scatchard plot (Appendix B) showing the binding of triethyltin
to cat haemoglobin in 0.1 M KH^PO^ at pH 7 .3 is given in Fig. 2A.1.
The plot is linear indicating a single class of sites and allows
determination of the affinity constant for triethyltin and cat
haemoglobin as 3 .5 x 10^ (from the slope) and the number of binding
sites as 2 .6 mol triethyltin per mol haemoglobin (from the x-axis
intercept). These values are different from those published for
triethyltin binding to rat haemoglobin (Rose, I969) where the affinity
5 -1constant was reported as 3*5 x 10 M and the number of binding sites
as 2.0 - 2 .2 mol triethyltin per mol haemoglobin.
The differences in the affinity constants may be explained as being
due to differences in the buffer systems used during equilibrium
dialysis. Rose used 0.1 M Tris/HCl pH 8.0 whereas Fig. 2A.1 was
obtained in 0.1 M KH^PO^ pH 7* 3* Phosphate ions have been shown to
complex with triethyltin and to reduce the affinity constant of
triethyltin for rat haemoglobin (Rose, I969). Triethyltin binding to
rat haemoglobin has also been shown to be pH dependent (Rose, I969)
with the affinity increasing in the pH range 6-10. Measurement of
the binding of triethyltin to cat haemoglobin in 0.1 M Tris/HCl at
5 -1pH 8.0 gave an affinity constant of 1 x 10 M , only slightly lower 
than for rat haemoglobin. The rationale for the use of phosphate 
buffer at pH 7.3 is given in section B of this chapter.
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1 Binding of triethyltin to cat haemoglobin
B = bound triethyltin (mol/mol of haemoglobin),
F = free triethyltin (}JM). Binding was measured by 
equilibrium dialysis, as described in Methods, in 0.1M 
KI^ PO/j,, pH 7.3. A value of 6.56 x 10^ M“  ^cm“  ^was used 
for the molar extinction coefficient of cat haemoglobin 
(CO-form) at 537 nra* Derived binding parameters: N = 2.65 
mol triethyltin/mol haemoglobin, K = 3.5 x 10^ M .
The explanation of the fractional number of binding sites is not 
as simple. Rose (1969) obtained Scatchard plots for the binding of 
triethyltin to rat haemoglobin which gave a value for the number of 
binding sites per molecule of haemoglobin of 2.2 when a straight line 
was fitted to the data. This was difficult to rationalise in mole­
cular terms and a satisfactory fit to the data was obtained by
postulating cooperativity between two sites, with the affinity constant
5 - 1when both sites were unoccupied as 3*5 x 10 M , and when one site
5 -1was occupied as 5 x 10 M . This led to a convex Scatchard plot 
with an intercept of 2.0. The data presented in Fig. 2A.1 however, 
cannot be incorporated into this hypothesis and so possible experimental 
errors were examined.
The measurement of triethyltin concentration seemed an unlikely 
source of error as experiments conducted using only radiolabelled
"1 1 o
triethyl[ Sn^tin chloride supplied from Amersham, gave identical
results to experiments using predominently unlabelled triethyltin 
sulphate (from T.N.O., Utrecht) with only sufficient triethyl[^^^Sn]tin 
chloride to act as a marker. No error could be found in the equilibrium 
dialysis technique sufficient to account for the data. The concentration 
of haemoglobin was assayed spectrophotometrically (Methods) using a 
molar extinction coefficient derived by previous workers from the 
estimation of iron (Rose, I968). Values for the molar extinction 
coefficient on cat haemoglobin in the literature were found to be 
different from that being used but were in fact never found to be 
derived from any estimation of cat haemoglobin, usually they were 
obtained from assays on human haemoglobin (Taketa & Morell, 1966;
Taketa et al., I967). Similarly the value quoted by Rose (I969) as 
being for rat haemoglobin was also obtained from estimation on human
haemoglobin. The molar extinction coefficients of cat, rat, mouse and 
human haemoglobin solutions were therefore determined by iron 
estimation after H^SO^HGIO^ digestion (Fig, 2A.2, Methods), and 
the results, together with the previous values and where possible, 
values from the literature are presented in Table 2A.1.
The value obtained for human haemoglobin agreed with the literature 
but the values being used for both rat and cat haemoglobins were found 
to be incorrect. The only significant difference in the method used in 
this study from the previous estimations in these laboratories was the 
use of FeCl^ for the preparation of the iron standard curves. The 
error appears to have been in the use of ferric ammonium sulphate as 
the compound for obtaining iron standard curves in the previous 
estimations. On further investigation it was found that when the 
crystals of ferric ammonium sulphate were dissolved in water, a faint 
opacity in the solution was observed which slowly cleared as a faint 
precipitate settled out. This was probably ferric hydroxide and would 
of course lower the concentration of iron in the standard solution. It 
was found that this could easily be overcome by preparation of the 
standard solution in weak acid (0.02 M HCl), when no precipitate was 
observed. A standard curve prepared from this solution then falls 
exactly on the curves obtained for FeCl^ (standard solution for atomic 
absorption spectroscopy) and Fe(NO^)^ (pure iron wire prepared in HNO^) 
which are shown in Fig. 2A.3.
Recalculation of the Scatchard plot for triethyltin binding to cat 
and rat haemoglobins using the correct molar extinction coefficients 
results in both cases in straight line plots with 2.0 mol triethyltin 
bound per mol of haemoglobin (Fig. 2PJa) , There is therefore no need to 
postulate cooperativity between the two sites (Rose, 1969)• The affinity
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Figure 2A.2 Measurement of the molar extinction coefficient of rat> 
cat and human haemoglobin.
The molar extinction coefficients were calculated assuming a molar ratio,
iron : haemoglobin of 4 : 1.
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Figure 2A.3 Calibration curve, for iron determination using 
1.10-phenanthroline.
FeCl^ standard solution #  , Fe(N0^)^ solution prepared from pure iron
wire ■ . was measure(l using 2 cm cells. For experimental details
see Methods.
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Figure 2A.^ Binding of triethyltin to cat and rat haemoglobin 
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (jiM). 
The data for cat haemoglobin #  , are those from Figure 2A.1 recal-
h 4 _i
culated using the redetermined value of ^.84 x 10 M"* cm" for the
molar extinction coefficient of cat haemoglobin (0  ^- form) at 5^0 nra*
The data for rat haemoglobin were obtained in 0.1 M KH^PO^, pH 7<3
for cat, and the redetermined value of the molar extinction coefficient
a _ i _j
for rat haemoglobin (5.3^ x 10 M" cm at 3^0 nm for the 0^ - form)
was used■. Derived binding parameters : N (cat and rat) = 2.0 mol
'l± —1
triethyltin/mol haemoglobin, K (cat) = 3*^ x 10 M“ , K (rat) =
8 .8 x 10^ M"1.
constant is not significantly affected by the recalculation.
Binding of triethyltin to isolated cat haemoglobin A and B components 
Gat haemoglobin is known to be made up of cat haemoglobin A and 
haemoglobin B, tetramers differing in only a few amino acid residues 
in their |3 chains (Taketa et al., 1971). Haemoglobin B is known 
to contain an acylated N-terminal to the (3 chain which prevents the 
interaction with 2,3-diphosphoglycerate (Benesch & Benesch,l969).
Gat haemoglobins A and B may be found in different ratios in different 
animals, haemoglobin A always comprising at least 50% of the total 
haemoglobin present in the domestic cat, and with the ratio of 
haemoglobins AsB usually falling near 50:50, 70:30 or 90:10 (Lessard 
& Taketa, 1969). This variability in the composition of cat haemoglobin 
has been shown to be independent of the sex and age of the animal and 
appears to be under genetic control (Lessard & Taketa, 19&9)• Oat 
haemoglobins A and B have a relatively low oxygen affinity compared 
with other mammalian haemoglobins, and the observed increase in the 
higher affinity haemoglobin B component in response to anaemia has led 
to the speculation that the combined system of a 2,3“diphosphoglycerate 
responsive and unresponsive haemoglobin may compensate for the 
inherently low oxygen affinity of cat haemoglobin (Mauk et al,, 197*0 •
It was of interest to see whether triethyltin bound equally to 
both of the isolated haemoglobins, or whether the differences in their 
amino acid composition affected either the number of triethyltin 
binding sites or their affinity.
Analysis of the blood of several cats by isoelectric focussing 
in polyacrylamide gels (Methods) allowed the identification of animals 
with a haemoglobin A iB ratio of 70*30 and 50:50 (no ratio higher than
75*25 was found in any of the 18 cats analysed). Equilibrium 
dialysis studies showed 2 mol triethyltin to bind to each mol of 
haemoglobin with an identical affinity (Fig. 2 A,5). Separation 
of the haemoglobin A and B components from a cat with equal amounts 
of each, was performed by ion-exchange chromatography on a Bio-Rex 70 
resin (Methods) and the products identified as pure haemoglobin A 
and haemoglobin B by isoelectric focussing. Both of the haemoglobins 
were dialysed against water and made to 20 pM in 0,1 M KH^PO^ pH 7.3 
for equilibrium dialysis,
Scatchard plots of the binding of triethyltin to cat haemo­
globins A and B are given in Fig, 2A.6A. Both plots are linear but 
with the number of triethyltin binding sites per molecule of haemo­
globin between 1 and 2, This can only be explained by an incorrect 
molar extinction coefficient (we are now using isolated, dialysed 
haemoglobins) or by denaturation of the haemoglobin on the resin. The 
affinity of the triethyltin binding was not reduced however and 
denaturation is therefore an unlikely explanation. The molar extinction 
coefficients of the isolated haemoglobins were determined (Table 2A.2) 
and found to be different from each other and from the parent lysate 
haemoglobin. When these values were used on the data in Fig, 2A.6A, 
the corrected Scatchard plots (Fig. 2A.6B) clearly showed both 
haemoglobins bound 2.0 mol triethyltin per mol of haemoglobin and with 
the same affinity constant as whole cat haemoglobin (see Fig. 2AA).
From Table 2A.2 it may be seen that the values for the molar 
extinction coefficients of isolated cat haemoglobins A and B are 
greater than that obtained for a normal lysate containing approximately 
equal amounts of A and B. The separated components however, had been 
purified on the ion-exchange column and further dialysed to remove
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Figure 2A.5 Binding of triethyltin to cat haemoglobin. A : B = 50 : 50 
and 70 : 30.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (jiM). 
Cat haemoglobin solutions with haemoglobin A : B ratios of 50 s 50 ■» and 
?0 : 30 O  » were used.
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Figure 2A.6 Binding of triethyltin to cat haemoglobin A and B.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM).
A. Triethyltin binding to cat haemoglobin A #, cat haemoglobin B ■
Derived binding parameters s'N(A) = I.60, N(B) =1,82 mol triethyltin/ mol
haemoglobin; K(A) = 3*7 x 10^, K(B) = 3*7 x 10^ M” .^ B. Data from A.
recalculated using determined molar extinction coefficients for isolated
cat haemoglobin A and B. Derived binding parameters N = 2.0 mol 
, h, _1
triethyltin /mol haemoglobin, K = 3.7 x 10 M ,
Table 2A.2 Molar extinction coefficients for isolated cat 
haemoglobins A and B
Values are given + standard deviation for the numbers of observations 
in parentheses. The A ^ q for O^-haemoglobin was used,
_/j, . —i\
Haemoglobin 10 x €. (M cm )
Cat haemoglobin ^.8^ + 0.27 (12) (Table 2A.1)
Cat haemoglobin A 6,00 +0.28 (^ )
Cat haemoglobin B 5*^1 + 0.96 (*+)
extraneous ions and/or low molecular weight proteins, whereas the 
parent lysate was undialysed. The Scatchard plot for the dialysed 
parent lysate however, is shown in Fig. 2A.7f and. the curve may he 
seen to lie between that for the two isolated components.
The value obtained for the molar extinction coefficient of cat 
haemoglobin is therefore dependent on the ions or proteins in the 
crude lysate being able to alter the A ^ q , either by virtue of their 
own absorbance or, more likely, by combination with the haemoglobin, and 
alteration of its spectrum.
Crystallization of cat haemoglobin
Cat haemoglobin obtained as a lysate (2 - 3 mM» from lysing 
packed erythrocytes with one-half their volume of water), was found 
to crystallize over a period of about one week after standing for one 
to two weeks at ^°C (Plate l). Crystal size could be improved (up to 
i mm x 5 nun) and. hastened by seeding. Solutions of 2 - 3 mM cat 
haemoglobin could therefore be used, without fear of crystal formation, 
for several days, even at 4°C, and would be suitable for physico-chemical 
measurements (e.g. N.M.R.) where concentrated solutions are required.
At similar concentrations, rat haemoglobin was found to crystallize 
spontaneously as micro-crystals in a matter of minutes once the 
erythrocyte envelopes had been centrifuged down.
Triethyltin binding to cat haemoglobin prepared from a lysate or 
from crystals
The Scatchard plot obtained for triethyltin binding to either cat
haemoglobin lysate or redissolved crystals was found to be linear, with
2.0 mol triethyltin binding per mol of haemoglobin and an affinity
li' 1
constant of 3 - x 10 M in both cases (Fig. 2A.8). Solutions of
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Figure 2A.7 Binding of triethyltin to a dialysed lysate of cat 
haemoglobin.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM). 
The haemoglobin had been dialysed against water before being diluted with 
0.1 M KH^PO^, pH 7.3. It was the same haemoglobin lysate as was used for 
the isolation of haemoglobins A and B (Fig. 2A.6). The dashed lines 
show the data obtained for the isolated haemoglobins A and B, using the 
same molar extinction coefficient for cat haemoglobin as with the 
dialysed lysate (Fig. 2k,6k) i.e. ^.8^ x 10^M~^ cm” «^
Plate 1. Gat haemoglobin crystals
The crystals were obtained, by leaving a lysate of cat haemoglobin 
( 2 - 3  mM) at ^°G for 2 - 3  weeks. The largest crystals are 
approximately 2 - 3 mm long.
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Figure 2A.8 Binding of triethyltin to cat haemoglobin from crystals 
o:T lysate.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (jjM) .
A. Cat haemoglobin prepared from a lysate. B. Cat haemoglobin prepa3?ed 
firom redissolved crystals. The results from two different samples of cat 
haemoglobin are shown for each method of preparation; all the solutions 
were 20 - 25 pM haemoglobin in 0oi M KH^PO^, pH 7.3.
cat haemoglobin were therefore prepared either from redissolved 
crystals or from the lysate.
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C H A P T E R  2
B. Modification of the 'binding sites on cat and rat haemoglobin 
with diethylpyrocarbonate at pH 6.0 and 8.0
INTRODUCTION
Having established that both cat and rat haemoglobins bind
2.0 mol triethyltin per mol of haemoglobin, it was decided to look at
the chemical nature of the binding sites. Rose had shown that photo-
oxidation of rat haemoglobin in the presence of a dye (methylene blue
or rose bengal) for increasing time periods resulted in a loss of
triethyltin binding sites which was correlated with a loss of histidine 
>
residues. Cysteine and methionine were also found to be destroyed by 
the photooxidation (Rose, 1969).
Light-induced oxidation (photooxidation) of certain amino acids 
in proteins in the presence of dyes has been recognised for many years. 
Methionine, cysteine, histidine, tryptophan and tyrosine are the only 
amino acids modified, and in a given protein one or more types may 
remain unaffected. The chemical modifications to the sensitive 
residues are severe, the ring structure being cleaved with the aromatic 
amino acids, and the sulphur in cysteine and methionine being oxidised 
(Weil et al., 1951). These oxidation products are likely to be able 
to interact with the residues around them and may disturb the con­
formation of the surrounding environment. There have been relatively 
few attempts to try and elucidate the reaction products however. One 
paper which attempted this for the photooxidation of histidine and 
histidine derivatives concluded with a reaction scheme involving over 
twenty different products, but the evidence for many, including the 
proposed initial endoperoxide formation was speculative (Tomita et al..
1969).
The histidine content of the treated rat haemoglobin was measured
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by amino acid analysis following isolation of the globin and 
hydrolysis of the protein with 6 M HG1 at i08°C. This latter treatment 
may have accelerated the degradation of histidine residues with only 
slight modifications.
In order to examine further the role of histidine residues in 
the binding of triethyltin to cat and rat haemoglobins, a chemical 
reagent for the selective modification of histidine residues under mild 
conditions was required. Reagents that are completely specific for a 
single amino acid residue over a range of proteins are rare, although a 
degree of selectivity may be attained with some chemicals by the 
appropriate control of experimental conditions, which with certain proteins 
may appear to lead to specificity (Shaw, 1970; Stark, 1970).
Diethylpyrocarbonate and iodoacetate/iodoacetamide are reagents which 
have been used in the modification of histidine residues in proteins 
(Stark, 1970). Diethylpyrocarbonate was selected for use in this study 
since under certain conditions of pH it has been shown to be quite 
selective for histidine residues.
Muhlrad et al,, (1967) showed that die thylpyro carbonate was able to 
react with the amino group of lysine, the imidazole ring of histidine, 
the guanido group of arginine, the phenolic hydroxyl group of tyrosine 
and the sulphydryl group of cysteine, but that on account of the pH 
titration curves of the amino acid residues, the reaction would be 
selective for histidine if performed at pH 6 or below, since reaction 
with other residues was favoured at pH values greater than neutrality.
The rate of reaction with histidine decreased as the pH was lowered from 
pH 6.
The nature of the reaction between diethylpyrocarbonate and 
histidine is shown below:
X
N
H (I)
n -c-o c 2 h 5
0
i
+ C2 H5 0 H
The modification of the histidine at the position is particularly
useful for the investigation of the involvement of histidine in 
triethyltin binding, since this is the proposed method of coordination 
to the triethyltin (Rose, 1969). Of the other amino acids capable of 
modification by diethylpyrocarbonate, only cysteine was also lost after 
photooxidation of rat haemoglobin, and this would not be expected to 
undergo reaction with diethylpyrocarbonate at pH 6.
The reaction between diethylpyrocarbonate and histidine may be 
conveniently followed by the increase in absorbance at 230 - 2^5 fljn due 
to the production of the ethoxycarbonylhistidine derivative (Ovadi et al. 
1967). Although stable under normal reaction conditions, the ethoxy­
carbonylhistidine derivative is both acid and alkali labile and 
therefore the protein cannot be subjected to amino acid analysis in the 
usual way (Muhlrad et al., 19&7). The use of a molar extinction co­
efficient for the absorbance at 230 - 2^5 nm however, allows the number 
of modified histidine residues in the protein to be determined 
(Ovadi et al., I967)•
Hydroxylamine may be used to regenerate the free imidazole ring 
after modification of histidine with diethylpyrocarbonate, and this 
provides additional selectivity for the reagent in phosphate buffer 
since the other amino acids affected by diethylpyrocarbonate are not 
regenerated by this treatment (Melchior & Fahrney, 1970).
A review of the literature shows some 38 proteins with which 
diethylpyrocarbonate has been used to examine the role of histidine 
in their activity. These include seven dehydrogenases: lactate 
(Holbrook & Ingram, 1973)* malate (Holbrook et al., 197*01 octopine 
Hue et al., 1971)» yeast alcohol (Dickenson & Dickenson, 1975) and liver 
alcohol (Morris & McKinley-McKee, 1972), glyceraldehyde-3-phosphate 
(Ovadi & Keleti, I969) and glutamate (Wallis & Holbrook, 1973)» although 
the effect of modification of histidine residues with diethylpyrocarbonate 
was not found to always produce the same effect on the activity of the 
enzyme (Wallis & Holbrook, 1973)• Diethylpyrocarbonate has also been 
used to study the polymerization of actin (Muhlrad at al., I969) and 
tubulin (Lee et al., 1976), and the binding of copper to the metallo- 
enzyme ceruloplasmin (Nylen & Pettersson, 1972).
Details of the experimental conditions and treatment of the 
results vary between authors (certain points will be discussed later), 
but several papers have confirmed the selectivity for histidine at pH 6 
(Muhlrad et al., 1969; Danson & Weitzman, 1973; Holbrook & Ingram, 1973)* 
Two other amino acids have been shown to be modified to a limited 
extent by diethylpyrocarbonate in certain proteins; these are tyrosine 
(Leskovak & Pavkov-Pericin, 1975) and lysine (Melchior & Fahrney, 1970; 
de la Llosa, 1976). This unexpected reactivity at pH 6.0 is almost 
certainly due to the presence of a few anomalous residues. Garrison and 
Himes (1975)» have shown that diethylpyrocarbonate also reacts with
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N-acetylcysteine at pH 6, but only in carboxylate buffers.
The evidence is therefore for diethylpyrocarbonate being a 
selective chemical reagent for histidine in phosphate buffer at pH 6 
or below.
METHODS
Measurement of the reaction of diethylpyrocarbonate with imidazole 
derivatives
Spectrophotometrie measurements to monitor the reaction of diethyl­
pyrocarbonate with imidazole derivatives (A^^) or tyrosine (A^qq) were 
performed on a Pye-Unicam SP 500, or, where a change in absorbance was 
measured with time, on SP 1800 or SP800 machines. The latter were 
thermostatically regulated at 20 - 22°G. In all cases readings were done 
against blanks containing all reagents except diethylpyrocarbonate. The 
buffer system used was 0.1 M KH^PO^ adjusted to pH 6 with NaQH unless 
otherwise stated. Diethylpyrocarbonate solutions were prepared daily 
in acetonitrile or ethanol.
Measurement of the difference spectrum obtained with cat haemoglobin 
and cat haemoglobin + triethyltin
Triethyltin (400 ^ jM) was added to cat haemoglobin (2 - 20 p^M) in 
0.1 M KH^PO^, pH 7.3, and scanned after 5 minutes against haemoglobin 
+ buffer in 1 cm cells in a Pye-Unicam SP 1800 recording spectrophoto­
meter at 25°C over the range 240 - 320 nm. The effect of diethylpyro­
carbonate on the difference spectrum generated was measured as follows. 
Gat haemoglobin (10 ^ pM) was treated with diethylpyrocarbonate (2.5 mM) 
at pH 6 for 15 minutes. The reaction was stopped by the addition of 
imidazole to 10 mM, the pH adjusted to 7.3 a-nd the spectrum obtained of
the haemoglobin with added triethyltin (400 jiM) against haemoglobin 
with buffer, after 5 minutes.
Modification of cat and rat haemoglobin by diethylpyrocarbonate 
for the study of triethyltin binding
Diethylpyrocarbonate (4.5 mM final concentration; freshly prepared 
in acetonitrile or ethanol), was added to haemoglobin (20 jiM) in 
0.1 M KH^PO^ adjusted to pH 6 or 8 with 5M NaOH. The volume of the two 
solutions was such that the concentration of organic solvent was less 
than 1% (v/v). After incubation at 20 - 22°G for the required time the 
reaction was stopped by the addition of imidazole to 10 mM and the pH 
adjusted to 7.3* This, together with a control solution containing the 
same concentrations of imidazole and solvent was used for the dialysis 
experiments. The molar ratio of diethylpyrocarbonate:total histidine 
in cat and rat haemoglobins (containing 36 and 34 histidine residues 
per molecule respectively) was approximately 6:1. The addition of 
10 mM imidazole was found sufficient to react with all the diethyl­
pyrocarbonate within 10 - 20 seconds as measured by the lack of further 
increase in A,^ after this time.
The ability of cat and rat haemoglobins pretreated with 
diethylpyrocarbonate to bind triethyltin was measured by equilibrium 
dialysis.
RESULTS
Determination of the molar extinction coefficient for the reaction of 
diethylpyrocarbonate with imidazole derivatives
Commercial batches of diethylpyrocarbonate have been shown to be of 
variable purity (Holbrook & Ingram, 1973; Dickenson & Dickenson, 1975;
Leskovak & Pavkov-Pericin, 1975)» and samples were examined before 
use by a spectrophotometrie assay (Holbrook & Ingram, 1973)» following 
the increase in after reaction of diethylpyrocarbonate with
Na-acetylhistidine at pH 6. N0,-acetylhistidine is to be preferred
to histidine since it eliminates any interference from reaction with 
the a-amino group. The molar extinction coefficient at 240 nm was 
determined from the A f o l l o w i n g  reaction of diethylpyrocarbonate
(5 mM) with Na-acetylhistidine (0.1 - 0.4 mM) for 15 minutes at
o *"JLroom temperature (18 - 20 C), and found to be 4000 M cm . Incubation
ocof diethylpyrocarbonate (0.1 mM) with excess N -acetylhistidine (10 mM)
and measurement of the Ag^ after 15 minutes then allowed the purity
of the sample to be determined.
After receiving three samples from two preparative batches
containing no detectable activity, a routine preliminary screen involving
20measurement of density (lit. D ^ = 1.1119) refractive index (lit.
Of
n ^ = 1.3975)» and infrared spectrum (lit. saturated acid anhydride :
1850 - 1800 and 1790 - 1740 cm , higher frequency band more intense in
acyclic anhydrides) was also employed. It was possible by these means
to tentatively identify the contaminent in the low activity batches as
20 20
diethylcarbonate (lit. D ^ = 0.97511 n p “ 1*38456, saturated ester s 
-11751 - 1735 cm ; Dictionary of Organic Compounds; Williams & Fleming, 
1966). This was later confirmed by the manufacturers, B.D.H. Ltd.
All other batches of diethylpyrocarbonate received were 80 - 90% 
pure by the spectrophotometric assay.
The values reported in the literature for the molar extinction 
coefficient for carbethoxyimidazole derivatives vary considerably 
between workers and with the imidazole compound used. Ovadi et al.,
i 4
(1967) have given a value of 3200 M cm"" with I^-acetylhistidine, while
-1 -1Holbrook & Ingram (1973) with the same compound used 36OO M cm .
- 1- 1More recently a value of 3720 M cm has been obtained for the 
dipeptide L-His. L-Tyr (York & Roberts, 1976). It should be noted 
that the value obtained in the present study in the purity assay is 
higher than those reported in the literature. It was therefore decided 
to measure the molar extinction coefficients for the products of 
reaction of diethylpyrocarbonate with a range of nucleophiles including 
the synthetic polypeptide Synacthen (comprising the first 24 amino acid 
residues (one histidine residue) of human adrenocorticotropic hormone 
(ACTH)) to try to obtain more confidence in a value for use with 
haemoglobin.
The values given in Table 2B.1 were measured as in the assay of 
purity, reading the 10 “ 20 minutes after the reaction of nucleo­
phile (0.03 - 0.35 mM) and diethylpyrocarbonate (4.5 niM final concen­
tration) at pH 6.0. The values obtained for the different nucleophiles 
vary considerably, with the smallest molecule (imidazole) having values 
of 5000 M"1cm"1.
Dependence of the molar extinction coefficient on the time of 
measurement
It was decided to investigate the effect of the time allowed after 
reaction before measurement of the A o n  the value obtained. The 
dependence of the A^^ on the time allowed between reaction and 
measurement was recorded on an SP 1800 spectrophotometer and proved 
very interesting, with all the compounds showing an initial increase in 
^240 (leadinS a maximum value for the molar extinction coefficients 
€. max) followed by a decrease and a levelling off to a more steady 
value ( £.min). The difference between € max and £min derived from the
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Ameasurements (Fig. 2B.1, Table 2B.2) was greatest for imidazole 
—  1 —1
(8000 to 4000 M” cm” respectively), which also showed a slow pro­
gressive secondary increase in €. continuing for a period of at least 
24 hours. These findings might explain the different values for €. 
reported in the literature for the same compound, since the value 
obtained clearly depends on the exact time of measurement. There are 
however, differences in the values obtained for different imidazole 
derivatives.
The unexpected data in Figure 2B.i suggested that the effect of 
treatment with diethylpyrocarbonate was not the straightforward 
production of the ethoxycarbonyl derivative for all the nucleophiles 
examined. The ethoxycarbonyl derivatives expected have been reported 
to be stable under the reaction conditions employed (Melchior &
Fahrney, 1970), and reactions secondary to the formation of a mono- 
carbethoxyimidazole derivative were therefore considered.
Examination of the structure of monocarbethoxyimidazole (il) reveals 
that the nitrogen atom possesses a free lone pair of electrons, and 
is therefore theoretically capable of reacting with a second molecule 
of diethylpyrocarbonate to form N^, Ny-dicarbethoxyimidazole (ill), as 
shown below.
o 15 30 45 6o
time (min)
Figure 2B.1 Dependence of the molar extinction coefficient of 
ethoxycarbonyl derivatives on time of reaction
Reaction of diethylpyrocarbonate (5 mM) with Synacthen 1, histidine 2,
N^-acetylhistidine 3» an(i imidazole 4, (0.035.- 0.2 mM in 0.1 M
KH^PO^, pH 6.0). The curves have been drawn from the means of
3 - 4  recorded spectra of the change in with time.
Table 2B.2 Molar extinction coefficients for ethoxycarbonyl 
derivatives
The maximum and minimum values of £  at 240 nm (with the standard 
deviation and the number of readings) are given with the time when 
measured,
£  (M”^cm” )^ t (min) £  . M(M"'^ cm"*^ ) t (min)max'1 ^minv
Imidazole 7680 + 212 (3) 7 3930 + 80 (3) 45
CLN -acetylhistidine 4250 + 89 (4) 12 3710 + 132 (4) 60
Histidine 3780 + H i  (4) 16 3540 + 111 (4) 100
L-His. L-Tyr, 4250 + 117 (2) 11 3680 + 7 8  (2) 65
Synacthen 3750 + 47 (3) 13 3390 + 37 (3) 50
(Ill) is now an electrophilic centre and may "be expected to undergo 
further reaction with nucleophiles (e.g. OH”) probably at the C-2 
position.
The reaction of i-methylimidazole with diethylpyrocarbonate was 
studied to try to provide some evidence for the proposed reaction 
scheme. i-methylimidazole would only be able to form a monocarb- 
ethoxy derivative, and the +1 (inductive effect) of the methyl 
substituent would be expected to help stabilize the electrophilic 1-methyl, 
3-carbethoxyimidazole (IV). The proposed reaction is shown below.
0
I
+ (C2H50.C0)2 0
The time-dependence of the €. for the reaction of diethylpyrocarbonate 
and i-methylimidazole shown in Figure 2B.2, was consistent with the 
formation of i-methyl, 3-carbethoxyimidazole, which then loses the 
ethoxycarbonyl group and reverts to a simple imidazole compound. 
Diethylpyrocarbonate has been shown to hydrolyse in aqueous media with 
a half-life of about 20 minutes (Berger, 1975) however, and the observed 
decrease in starting at 10 minutes must therefore be occurring in
the presence of an excess of diethylpyrocarbonate, unless the 
i-methylimidazole greatly accelerates the breakdown. It seemed unlikely
o 15 30 6o 75
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Figure 2B.2 Reaction of I-methylimidazole with diethylpyrocarbonate: 
dependence of the molar extinction coefficient at 240 nm 
on time of reaction.
Reaction of diethylpyrocarbonate (5 mM) with 1-methylimidazole (0.23 mM
in 0.1 M KHgPO^, pH 6.0). The curve has been calculated from the
recorded change in A^^ with time.
therefore that the 1-methyl, 3-carbethoxyimidazole would in fact be 
able to reform an imidazole compound, without it again reacting with 
diethylpyrocarbonate.
The only conclusion possible therefore was that imidazole and 
1-methylimidazole were modified by diethylpyrocarbonate to form 
Np disubstituted derivatives, but that the dicarbethoxy derivative 
from imidazole went on to further reactions of an unknown nature, which 
the monocarbethoxy derivative from 1-methylimidazole was unable to 
undergo.
Evidence for ring opening of the imidazole compound
Two Russian authors, Avaeva and Krasnova, then published results
indicating that the reaction of imidazole and N0^ -acetylhistidine with
excess diethylpyrocarbonate led to the formation of a dicarbethoxy-
imidazole compound, and with subsequent ring opening to an unsaturated
diamine (Avaeva & Krasnova, 1975)* They suggested that the reactions
could be followed by the change in A max in the region 210 - 260 nm,
owing to the reaction products having different A max values, with the
usual sequence with time being a decrease in A max followed by an
increase (A = absorbance maximum).
v m ax '
The change in A max with time for the reaction of excess 
diethylpyrocarbonate with the nucleophiles listed in Table 2B.1 and 
with 1-methylimidazole was therefore studied (Fig. 2B.3)t and the 
predicted shifts were observed for all the nucleophiles except 
1-methylimidazole. Imidazole was found to produce the greatest change 
in A max, and Synacthen the smallest - the same pattern as was observed 
for the difference between £ max and £ min (Fig. 2B.1). Avaeva and 
Krasnova also showed that the final unsaturated products had molar
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Figure 2B.3 Reaction of nucleophiles with diethylpyrocarbonate;
dependence of k on time of reaction.max ■■ . 1
Reaction of 1-methylimidazole ■, I^-acetylhistidine #, imidazole ▼, 
histidine □ , and Synacthen O  » (approx. 0.1 - 0.2 mM in 0.1 M KH^PO^, 
pH 6.0) with diethylpyrocarbonate (5 mM), at 22°G.
extinction coefficients that were much greater than the original
-1 —Icarbethoxyimidazole derivatives (e.g. 20 - 25000 M cm ).
It is therefore possible to explain the complex shapes of the 
curves in Figure 2B.1, using imidazole as an example. The initial 
rise in (and therefore in the molar extinction coefficient£)
corresponds to the formation of the mono- and dicarbethoxyimidazole 
compounds. The lowering of the A a n d  the plateau region is due to 
the k max for the reaction products shifting to lower wavelengths 
(Fig. 2B.3) and the A^^fortuitously becoming an isosbestic point. The 
actual absorbance at the k max still increases dramatically however 
owing to the opening of the imidazole ring and the formation of the 
unsaturated diamines. The final products have a k max close to 
240 nm again, and the corresponding increase in is then observed
(Fig. 2B.1).
The large and small shifts in k max with time observed for 
imidazole and Synacthen respectively (Fig. 2B.3), suggest that the ring 
opening and subsequent reactions may not be so prevalent with histidine 
residues in the larger molecular weight compounds, and the slight change 
in &2l\Q time following reaction with diethylpyrocarbonate
(Fig. 2B.1, cf. imidazole) observed for Synacthen certainly suggests that 
more confidence may be placed in a value of the molar extinction co­
efficient for the reaction product of diethylpyrocarbonate with 
histidine residues in proteins derived from this polypeptide than one 
derived from imidazole.
The k max for the reaction products of diethylpyrocarbonate with 
1-methylimidazole was not found to change with time (Fig. 2B.3), 
suggesting the absence of any ring opening such as was observed with 
imidazole. This is in agreement with the more straightforward change
in A ^  observed with time following the reaction of 1-methylimidazole 
with diethylpyrocarbonate (Fig. 2B.2), although the nature of the 
reaction removing the ethoxycarbonyl group from 1-methyl, 3-carbethoxy- 
imidazole is not clear.
In a recent paper, Loosemoore and Pratt have also isolated and 
characterized the. unsaturated diamines resulting from ring cleavage 
of imidazole following treatment with excess diethylpyrocarbonate 
(Loosemoore & Pratt, 1976). The overall reaction scheme may be 
summarized as follows.
Loosemoore and Pratt further observed from preliminary 
experiments with horse alcohol dehydrogenase and pancreatic ribo- 
nuclease that the ring cleavage occurred much less readily in proteins 
than with the smaller molecular weight compounds. On reviewing the 
literature, there have been instances when workers using hydroxylamine 
have been unable to reactivate all the histidine residues in a protein 
which have been modified by diethylpyrocarbonate. This has occurred 
when longer incubations with an excess of diethylpyrocarbonate have 
been used, and may be due to the type of reactions described above 
(Grouselle et al., 1?973» Burstein et al., 197*+i Miles & Kumagai, 197*+).
In summary, the results of the present study and the evidence 
presented by Avaeva and Krasnova (1975) and Loosemoore and Pratt (1976), 
suggest that the value of the molar extinction coefficient derived 
from Synacthen is more likely to reflect the reaction of diethyl­
pyrocarbonate with histidine residues in proteins, and this value was 
chosen for use with haemoglobin.
Values of the molar extinction coefficient derived from
ot *”JL “ 1N -acetylhistidine (3000 - 36OO M cm ) have frequently been used for
determining histidine residues in proteins following modification with
diethylpyrocarbonate however, often to locate one or two residues from
the many present. It is clear from the data presented here, that until
the rates of the various stages of reaction of diethylpyrocarbonate
with both low molecular weight compounds and proteins have been
investigated, and the meaning of molar extinction coefficient for this
reaction established, it is not, in general, possible to use with
confidence, measurement of A,^© for Precise determination of histidine
residues in proteins.
Measurement of the half-life of diethylpyrocarbonate in phosphate
buffer
Diethylpyrocarbonate is known to hydrolyse in aqueous solution 
at a rate dependent on pH and the buffer system used (Berger, 1975).
The half-life was estimated by incubating diethylpyrocarbonate (15 mM) 
in 0.1 M KHgPO^ at pH 6, 20°C, and by measuring after various times, 
the following reaction with I^-acetylhistidine (Fig. 2B.4). The
value of 19 - 20 minutes obtained is in agreement with other workers 
using a similar pH (Berger, 1975; Dickenson & Dickenson, 1975)•
Reaction of diethylpyrocarbonate with tyrosine residues
Diethylpyrocarbonate is capable of reacting with amino acids other 
than histidine (introduction to Chapter 2B) although reaction with these 
basic residues is favoured at pH values greater than 7 and usually 
with pH optima at 8 - 10. The reaction of diethylpyrocarbonate and 
tyrosine residues may be conveniently monitored by a decrease in AggQ. 
This was done at pH 6 in 0.1 M KH^PO^ for N-acetyltyrosine (0.15 mM) 
and diethylpyrocarbonate (4.5 mM), and no detectable decrease in A^g^ 
was found. The. A^qq measured for Synacthen, L-His. L-Tyr and cat 
and rat haemoglobin in 0.1 M KH^PO^ pH 6 was found to be always less 
than 5$ and usually less than 2%, of the A^^ indicating low reactivity 
of the tyrosine residues under the conditions used. Reaction of 
diethylpyrocarbonate with rat and cat haemoglobins at pH 6 should 
therefore result in the selective modification of histidine residues.
Stability of the ethoxycarbonylimidazole derivative
The ethoxycarbonylimidazole derivatives are susceptible to 
hydrolysis leading to regeneration of the original histidine residue.
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Figure 2B.4 Half-life of diethylpyrocarbonate in 0.1 M KHJPO^. pH 6.0. 
Diethylpyrocarbonate (15 mM) was incubated in 0.1 M KH^PO^, pH 6.0 at 20°C. 
At intervals, an aliquot was taken (0.2 cm ) and the measured 28 min
after reaction with an excess of I^-acetylhistidine (2.4 mM). 
t,/0 observed = 1 9 - 2 0  min.
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The rate of this reaction is increased as the pH is raised from 6 to 
10, and ethoxycarbonylimidazole has been shown to have a half-life 
of 55 hours at pH 7 (25°C) and 18 minutes at pH 10 (Melchior &
Fahrney, 1970). The half-life of the ethoxycarbonylhistidine residues 
in cat haemoglobin (0.1 M KH^PO^, pH 7, 4°C), as measured by the 
reduction in was found to be approximately 8 days. The pH depen­
dence of triethyltin binding to haemoglobin however, requires that the 
equilibrium dialysis is performed at pH 7 or above, to maintain a 
reasonable affinity constant (Rose, 19&9)• pH 7*3 was therefore chosen 
to combine significant binding of the triethyltin with the maximum 
stability of the ethoxycarbonylhistidine derivative of haemoglobin.
Modification of cat and rat haemoglobin with diethylpyrocarbonate and 
the effect on triethyltin binding
Pretreatment of cat haemoglobin with diethylpyrocarbonate for 
increasing time periods progressively decreases the number of triethyltin 
binding sites per molecule to one-half of the value for untreated 
haemoglobin (Fig. 2B.5), after 3 minutes incubation and incubation for 
longer times has no further effect. The affinity of the sites after 
incubation for i minute is also decreased to approximately one-half, 
but further incubation has little effect.
Binding of triethyltin to cat haemoglobin pretreated with two 
consecutive additions and 15 minute incubations of diethylpyrocarbonate 
also removes only one binding site per molecule and confirms that the 
inability to remove more than one site is not due to decomposition of 
the diethylpyrocarbonate (Fig. 2B.5B). As a further check on the 
stability of the carbethoxyhistidine derivative, cat haemoglobin 
incubated for 15 minutes with diethylpyrocarbonate was stored at 4°G for
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Figure 2B.5 Triethyltin binding to cat-haemoglobin pretreated with 
diethylpyrocarbonate at pH 6.0,
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM) .
A. Cat haemoglobin (20 pM) was pretreated with diethylpyrocarbonate (5 mM) 
for the times shown on the lines (min). Untreated cat haemoglobin ■ , and 
cat haemoglobin + imidazole (10 mM) only O  » are also shown. B. Cat 
haemoglobin pretreated with two consecutive additions of diethylpyro­
carbonate and incubation for 15 min after each one. See Methods for experi­
mental details. Derived affinity constants for triethyltin : control +
k 4 k -1
imidazole 4.5 x 10. , 5 min 2.2 x 10 , 15 min 1,3 x 10 M ,
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24 hours and 48 hours before measurement of triethyltin binding. The 
results were identical to when binding was measured immediately after 
reaction with diethylpyrocarbonate (Fig. 2B.6). This eliminates the 
possibility of removal of the ethoxycarbonyl group to regenerate the 
original histidine and allow binding to this site, unless the histidine 
residue(s) involved in that site only is unique and hydrolysed rapidly. 
Any measurement of A^^q, which can only reflect the behaviour of the 
total histidine content of the protein, will not be sufficiently 
sensitive to examine this possibility.
Preincubation of rat haemoglobin with diethylpyrocarbonate 
decreases the number of triethyltin binding sites per molecule without 
changing their affinity appreciably. Binding is lost at a slower rate 
than with cat haemoglobin however, and only after two consecutive 
30 minute incubations is one site lost (Fig. 2B.7).
Use of spectral changes in the haemoglobin to monitor triethyltin 
binding
The addition of triethyltin to rat haemoglobin has been shown to 
produce a spectral change in the haemoglobin at 295 flm (Rose, 1968).
It was decided to see if a corresponding change in the spectrum of cat 
haemoglobin could be used as a more immediate measure of triethyltin 
binding in order to investigate the possibility that both sites on 
cat haemoglobin are lost after treatment with diethylpyrocarbonate, 
but that one site is regenerated before, or during the 17 hour period 
necessary for the measurement of triethyltin binding by equilibrium 
dialysis. The difference spectrum of cat haemoglobin + triethyltin 
against haemoglobin was obtained as described in Methods over the 
range 240 - 320 nm (Fig. 2B.8A). The change observed at 295 nm was
70
0.08
0.06
b/f
0.02
1.0 2.00
B
0.02
0 1.0
B
0.02
1.00 B
Figure 2B.6 Stability of the diethylpyrocarbonate insensitive site 
on cat haemoglobin
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM). 
Cat haemoglobin (20 pft) was treated with diethylpyrocarbonate (5 mM) at 
pH 6.0 for 15 min, the reaction terminated with imidazole (10 mM) and the 
pH adjusted to 7»3» and then stored at 4°C for 10 min #, 24 h ▼ , and 
48 h I, before determining the triethyltin binding. A control curve 
(+ imidazole only) is also shown O.
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Figure 2B.7 Triethyltin binding to rat haemoglobin pretreated with 
die thylpyrocarbonate at pH 6.0,
B = "bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM). 
Rat haemoglobin (20 pM) was pre treated with diethylpyrocarbonate for the 
times shown on the lines (min), Untreated rat haemoglobin ■ , and haemo­
globin + imidazole only 0> are also shown. See Methods for experimental
4details. Derived affinity constants for triethyltin : control 8.9 x 10 ,
4 -1
control + imidazole 3^8 x 10 M .
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A. Difference spectrum generated by cat haemoglobin 
with triethyltin
The haemoglobin concentration was 20 pM, the triethyltin (+) 
concentration 0.4 mM. For experimental details see Methods.
B. Dependence of the difference spectrum measured at 260 nm 
on the haemoglobin concentration
The triethyltin concentration was 0.4 mM.
found to be too small to be useful but a larger increase in the 
difference spectrum was found at 250 nm and was shown to obey 
Beers law for a range of haemoglobin concentrations (2 - 20 pM,
Fig. 2B.8B). The result of preincubation of cat haemoglobin with 
diethylpyrocarbonate before measuring the difference spectrum with 
triethyltin is given in Table 2B.3» and shows that 10 minutes after 
the addition of imidazole there is still a sufficient spectral change 
to indicate binding of triethyltin to one site on the haemoglobin.
This suggests that the insensitivity of one of the binding sites to 
diethylpyrocarbonate is not due to the regeneration of a modified 
binding site.
Changes in the affinity of the triethyltin binding sites in cat and 
rat haemoglobin following treatment with diethylpyrocarbonate
The decrease in the affinity of the triethyltin binding sites in 
cat haemoglobin after reaction with diethylpyrocarbonate may be the 
result of conformational change in the haemoglobin due to modification 
of the histidine residues (some of which are probably involved in 
maintaining the structure of the haemoglobin molecule by interactions 
with other amino acid residues (Perutz et al., I968)). After the longer 
periods of incubation (more than 8 minutes), when there is a further 
small decrease in the affinity constant, a slight precipitate was 
observed in the haemoglobin solution. This appeared as 'threads' of 
red-brown material, which may be identified as modified haemoglobin since 
the of the solution was reduced (by up to 3$) if the material
was centrifuged down. It is not possible to say unequivocally whether 
it is the haemoglobin itself that is modified and precipitates, or 
whether another protein present from the lysate is modified, and pulls 
the haemoglobin out with it. The latter possibility however, is made
Table 2B.3 Effect of pretreatment of cat haemoglobin with diethyl­
pyrocarbonate. pH 6.0. on the difference spectrum obtained 
with triethyltin.
The difference spectrum observed with triethyltin at 250 nm was 
recorded for haemoglobin with and without pretreatment with diethyl­
pyrocarbonate, as a measure of the extent of triethyltin binding, as 
described in the text. The standard deviation and the number of 
readings is also presented.
Sample ^ A250 (arbitrary 'units)
Gat haemoglobin pretreated with 
diethylpyro carbonate
Cat haemoglobin + triethyltin
Cat haemoglobin pretreated with 
diethylpyrocarbonate + triethyltin
1
6.5 + 2.0 (5) 
k.Z5 + 1.2 (4)
less likely by the fact that haemoglobin solutions behave similarly 
whether prepared from a lysate or redissolved crystals.
It appears that the capacity of the haemoglobin to bind tri­
ethyltin is not reduced under the above conditions, since even after 
two consecutive 15 minute incubations, there was still one binding site 
remaining, but the decrease in affinity is probably a reflection of a 
change in the conformation of the protein.
A similar precipitate of modified haemoglobin was observed with 
rat haemoglobin. The precipitate was heavier (A^q reduced by up to 
15$) than with cat haemoglobin however and makes the interpretation of , 
results of incubations of rat haemoglobin for longer time periods than 
those given in Figure 2B.7 or with higher concentrations of diethyl­
pyrocarbonate difficult. The scatter of the points on the Scatchard 
plots obtained from haemoglobin solutions with precipitates is greater 
than the controls, although there is still no indication of the number 
of triethyltin binding sites per molecule of haemoglobin falling below 
1.0. The affinity of the triethyltin binding sites remaining after 
treatment of rat haemoglobin was only slightly lower than the control 
haemoglobin despite the presence of the precipitate of modified haemo­
globin. The binding sites in rat haemoglobin are therefore much more 
resistant to changes in conformation produced by the diethylpyro­
carbonate treatment than those on cat haemoglobin.
The addition of imidazole to the haemoglobins (the control solutions) 
resulted in a small but reproducible increase in the affinity of 
triethyltin for cat haemoglobin and a significant decrease for rat 
haemoglobin. This suggests that the effect of the imidazole is on the 
haemoglobin (imidazole has been reported to interact with haemoglobin 
(lizuka & Morishima, 1975)) rather than an effect on the triethyltin or
triethyltin/phosphate complex. The changes produced in the two 
haemoglobin molecules clearly give rise to a different effect at the 
binding sites in cat and rat haemoglobin.
The conclusion that may be drawn from Figures 2B.5 and 7 is that 
the two binding sites for triethyltin on both cat'and rat haemoglobin 
behave differently towards diethylpyrocarbonate and that for both 
species, only one site may be removed.
Use of hydroxylamine to regenerate histidine residues modified by 
treatment with diethylpyrocarbonate
Of those residues capable of being modified by diethylpyrocarbonate 
it has been reported that hydroxylamine (0.02 - 1 M) specifically 
reactivates the histidine residues (introduction to Chapter 2B). Cat 
haemoglobin (20 pM) in 0.1 M KH^PO^, pH 6 was treated with diethyl­
pyrocarbonate (5 mM) for 15 minutes, the reaction terminated with 
imidazole (10 mM) and the pH adjusted to 7»3« One-half of the haemo­
globin (with a light precipitate) was taken for measurement of 
triethyltin binding as a control, the other half was treated with 
hydroxylamine (0.03 - 0.06 M, pH 7«3)» A heavy brown-red precipitate 
was formed (approximately 50$ of the haemoglobin) but after 15 minutes 
triethyltin binding was measured as usual.
As the hydroxylamine specifically reactivates histidine residues, 
the results (Fig. 2B.9) suggest that it is histidine residues that are 
involved in the binding of triethyltin to the diethylpyrocarbonate 
(pH 6) sensitive site, since the triethyltin binding was increased on 
treatment with hydroxylamine, even with the precipitate that was also 
formed. The reason for the precipitate is not fully understood, although 
other workers have also found denaturation or precipitation of proteins 
when trying to reactivate histidine residues treated with diethyl-
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Figure 2B.9 Reactivation of the diethylpyrocarbonate (pH 6) ■
sensitive site on cat haemoglobin with hydroxylamine.
0.03 M or 0.06 M B ,  hydroxylamine was used following treatment with 
diethylpyrocarbonate at pH 6.0 for 15 min. Control #  . See the text 
for experimental details.
pyrocarbonate (Nylen & Pettersson, 1972; Horner & Allsopp, 1976).
The inability to recover all of the second triethyltin binding 
site by treatment of the modified haemoglobin with hydroxylamine may 
be due to the formation of the precipitate, or possibly to the 
occurrence of reactions secondary to the formation of carbethoxy- 
histidine as described earlier in this Chapter.
Measurement of the number of histidine residues reacted after treatment
of cat and rat haemoglobins with diethylpyrocarbonate
The number of histidine residues in haemoglobin modified by
treatment with diethylpyrocarbonate after a given time may be estimated
from the reaction mixture by using a molar extinction
-1 -1
coefficient of 3570 M cm . Diethylpyrocarbonate (2.3 mM) was added to 
haemoglobin (10 pM in KH^PO^ buffer at pH 6.0), mixed and transferred 
to a silica 1 cm cell. The increase in A ^  was followed in a 
Pye-Unicam SP 1800 spectrophotometer at 20 - 22°C, with time. This 
should show whether all the histidine residues in the haemoglobin 
molecule have reacted after the treatment given as in Figures 2B.5 and 
7 or whether there are any residues inaccessible to diethylpyro­
carbonate. A plot of loss of histidine and loss of triethyltin 
binding sites with time should show any correlation between the 
respective rates. If the rates of loss are first order, a simple 
correlation would reflect the triethyltinihistidine ratio at the binding 
site (Ray & Koshland, I96I).
The results, showing loss of total histidine with time are 
expressed in Figure 2B.10 for cat and rat haemoglobin, along with the 
corresponding loss of triethyltin binding to the diethylpyrocarbonate 
sensitive site. With cat haemoglobin, the rate of loss of binding was
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Figure 2B.10 Rate of loss of the diethylpyrocarbonate (pH 6) sensitive 
site compared, with the rate of loss of histidine residues 
from cat (A) and rat (B) haemoglobin.
3570 M"1 cm"1 forHistidine residues were calculated using 
ethoxycarbonylhistidine. Loss of histidine 0» □? loss of 
binding #  , ■ .
first order and clearly greater than the rate of loss of histidine 
residues: values obtained from the first 3 minutes of reaction show the 
initial rate of loss of binding to be approximately 5 times the initial 
rate of loss of histidine residues. In contrast, with rat haemoglobin, 
the initial rates of loss of binding and histidine residues are similar, 
and neither may be described by simple first order kinetics. The fact 
that the rates of reaction of both cat and rat haemoglobin with 
diethylpyrocarbonate are not first order means that the histidine 
residues are lost at different rates. This is presumably because the 
rate of chemical reaction of a particular histidine residue will depend 
largely on the chemical environment surrounding it. Thus the rate of 
loss of those histidine residues relevant to binding cannot be measured 
and no interpretation of the histidine:triethyltin ratio at the binding 
site can be made.
Figure 2B.10 shows that a single incubation of rat and cat haemo­
globin with diethylpyrocarbonate does not lead to modification of all 
the histidine residues present. When the concentration of diethylpyro­
carbonate was increased further a dramatic rise in the was
observed corresponding to the formation of a precipitate. This 
precipitate was a little different from that appearing in the haemoglobin 
solutions described earlier (Figs. 2B.5 and 7) although still involving 
haemoglobin, and was homogeneous and of small particle size, resulting 
in a milky opacity of the solution. This was found'to occur after 
modification of approximately 22 and 30 histidine residues in cat and 
rat haemoglobin respectively (Table 2B.4).
The concentration of diethylpyrocarbonate used in the experiments 
described by Figures 2B.5 and 7 would, from Table 2B.4 be insufficient 
to modify all the histidine residues in the haemoglobin molecule although
o/
Table 2B.^ Number of histidine residues reacting with diethyl-pvro- 
carbonate in cat and rat haemoglobin.
Reaction of haemoglobin with diethylpyrocarbonate (DEPC) was followed
in an SP 1800 spectrophotometer until a sharp increase in
) ind-ica'te(i the formation of a precipitate in the cuvette. The
number of histidine residues modified at that point was calculated
- 1 1using a value of 3570 M~ cm” for the £  for ethoxycarbonylhistidine.
[DEPC]/mM time to (min) number of histidines
CAT
(10.5 jjM) 2.5 k2 (max) no W
2.5 +2.5 62 23.0
5 30 20 .^
10 19 22.0
15 10 21. k
RAT
(9.7 pM) 2.5 26 (max) no km '
2.5 + 2.5 60 30.0
5 56 30.7
8 28 31.6
(22.6)
the double incubation experiments would have modified all those 
histidine residues accessible to diethylpyrocarbonate before the 
precipitation of the protein. It is not possible using the current 
method of measurement to deduce whether the remaining histidine
residues are modified after the precipitation of the haemoglobin. We 
cannot therefore state that triethyltin binds to cat and rat haemo­
globin (one mol:mol) when all the histidine residues present have 
been modified, but only when the accessible histidine residues have 
been modified. From Figure 2B.5 however, which shows that one binding 
site is lost on treatment of cat haemoglobin with diethylpyrocarbonate 
within 3 - 5 minutes, but a further 25 minutes of reaction produces no 
further loss in binding, we may say that the two binding sites for 
triethyltin are fundamentally different in some way and that whereas 
one site almost certainly involves histidine the second site would 
appear not to.
Pretreatment of cat haemoglobin with diethylpyrocarbonate at pH 8
At pH values above pH ?, diethylpyrocarbonate has been shown to 
react with amino acids other than histidine (introduction to Chapter 2B). 
The nature of the reaction of diethylpyrocarbonate with amino acids is 
really a nucleophilic attack by the amino acid on the carbonyl carbon 
atom (which may be considered as £+). Amino acids capable of this 
reaction therefore possess the electron-donating ability that is 
involved in the formation of pentacoordinate tin (Evans & Smith, 1975).
It is possible that one of these amino acids is involved in the tri­
ethyltin binding site on cat haemoglobin, and in order to investigate 
this, the protein was pretreated with diethylpyrocarbonate at pH 8. 
Histidine residues will of course react even more readily with
diethylpyrocarbonate at pH 8, since they will be almost entirely in 
the unprotonated form.
Cat haemoglobin (20 i^M in 0,1 M KH^PO^ buffer at pH 8) was 
treated with diethylpyrocarbonate (5 mM) for 20 minutes, and tri­
ethyltin binding was measured after the reaction had been terminated 
with imidazole (10 mM) and the pH adjusted to 7*3» Ihe results are 
presented in Figure 2B.11 and show that instead of reducing the number 
of triethyltin binding sites in cat haemoglobin, pretreatment with 
diethylpyrocarbonate at pH 8 allowed the binding of 3 mol triethyltin
per mol haemoglobin. The affinity of these sites for triethyltin was
z . U -1 h —1
reduced compared with the control (1 x 10 M cf, 3.5 x 10 M 
respectively). This may in part be explained by the formation of a 
slight precipitate similar to that obtained after incubation of cat 
haemoglobin with diethylpyrocarbonate at pH 6.
There are three possible ways the diethylpyrocarbonate could 
have produced three triethyltin binding sites: (i) leaving the two 
control sites unaffected and exposing one other site (ii) removing 
one control site and exposing two other sites and (iii) removing both 
control sites and exposing three other sites. Possibilities (i) and 
(iii) are considered very unlikely, especially with the data from 
treatment of cat haemoglobin with diethylpyrocarbonate at pH 6. In 
order, therefore, to see whether one binding site was removed before 
the creation of two more, the experiment was repeated but the reaction 
with diethylpyrocarbonate was terminated with imidazole after only 2 
minutes at pH 8. The results suggest that, as expected, the diethyl­
pyrocarbonate (pH 6) sensitive site is also removed at pH 8, but 
further incubation leads to the creation of two more sites (Fig. 2B.12).
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Figure 2B.11 Binding of triethyltin to cat haemoglobin pretreated 
with diethylpyrocarbonate at pH 8.0.
B = hound triethyltin (mol/mol of haemoglobin), F = free triethyltin (jjM).
Gat haemoglobin (20 pM) was incubated with diethylpyrocarbonate (5 mM)
at pH 8.0 for 20 min. The dashed line represents a typical plot for
the binding of triethyltin to untreated haemoglobin. Derived affinity
if -1
constant for the treated haemoglobins 0,7 x 10 M .
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Figure 2B.12 Binding of triethyltin to cat haemoglobin pretreated 
with diethylpyrocarbonate at pH 8.0.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM), 
Gat haemoglobin (20 pM) was treated with diethylpyrocarbonate at pH 8.0 
for 2 ▼ , and 15 min ■ . Control haemoglobin + imidazole #.
The Scatchard plot is linear (Fig. 2B.12) indicating a single
class of sites all with the same affinity for triethyltin. The number
of binding sites remained constant during several runs at three per
molecule of cat haemoglobin (after treatment with diethylpyrocarbonate
at pH 8 for 15 to 20 minutes), but the affinity of the sites was found
U -1\
to vary slightly 0.7 - 2.5 x 10 M ). This was probably due to 
conformational changes in the haemoglobin molecule, since the diethyl­
pyrocarbonate at pH 8 has the potential for reaction with several amino 
acids which are probably involved in the stabilisation of the tertiary 
structure of the protein by eg. hydrogen-bond formation (Perutz et al., 
1968).
We may therefore now identify at least two classes of binding 
site for triethyltin on cat haemoglobin, one which may be removed by 
treatment with diethylpyrocarbonate at pH 6 and 8, and one which cannot.
Discussion of the results
There are several possible ways of explaining the data obtained 
for triethyltin binding to cat haemoglobin following pretreatment with 
diethylpyrocarbonate at pH 61
i) the two sites are chemically different, one containing one or 
more histidine residues, the other not.
ii) both the sites are identical and contain histidine, but 
one is in such a position that it is inaccessible to 
diethylpyrocarbonate.
iii) both sites contain histidine and are modified, but the 
modified residue(s), on one site only, hydrolyses very 
rapidly to reform the original active site.
iv) histidine residues near to one site (which does not 
contain histidine) are modified and this causes con­
formational changes at that site to prevent binding.
As mentioned in the Introduction (Chapter l), one of the reasons 
for using haemoglobin as a model to study the interaction of tri­
ethyltin with proteins was that the structure of haemoglobin has been 
investigated in detail. Workers have succeeded in constructing atomic 
models for various forms of both horse and human haemoglobins and all 
mammalian haemoglobins studied so far have been found to have the same 
basic tertiary and quaternary structure (for a review: Perutz, 1976).
It is worthwhile considering the salient features of the structure of 
the haemoglobin molecule, since they place restrictions on the theoreti­
cal possibilities for the triethyltin binding sites outlined above.
A common feature of mammalian haemoglobins is their subunit 
structure. Under normal conditions of physiological pH and low - medium 
ionic strength, two a and two (3 chains are arranged tetrahedrally to 
form the haemoglobin molecule which possesses a two-fold axis of 
symmetry (Perutz, 1965)* This means that any chosen amino acid residue 
in the molecule will also be found at a position obtained by rotating 
the molecule through 180° about the axis of symmetry (see below).
o
A
Diagrammatic representation 
only. Rotation through 180° 
about AB produces an 
'identical moleculeV.
This has important implications for the data presented, since any 
binding site for triethyltin should have an identical counterpart, 
which would be expected to react in the same way, for example, to 
treatment with diethylpyrocarbonate. The exception to this would be 
if the triethyltin were to bind in such a way that part of the 
molecule crossed the axis of symmetry. This would result in a unique site 
on the tetramer. It is also possible that the triethyltin combines with 
a residue(s) in the internal cavity between the chainsj this would also 
result in a unique site.
The amino acids in haemoglobin are found to be divided into two 
broad groups, the non-polar, hydrophobic residues (including tyrosine, 
phenylalanine and tryptophan) which tend to be almost exclusively 
'inside' the molecule, so that contact of their hydrophobic side chains 
with the solvent is kept to a minimum, and the polar residues which are 
arranged 'externally', with strong side chain/solvent interactions. The 
internal cavity is also studded with polar residues and is freely 
accessible to water molecules (Perutz, 1965). This affords an 
explanation as to why Rose found tyrosine and tryptophan unaffected in 
photooxidation of rat haemoglobin (Rose, I969), because these residues 
tend to be shielded in a hydrophobic area away from contact with the 
solvent and dye.
The sort of amino acids which might be expected to form a bond 
with triethyltin would be those capable of forming donor bonds to the 
tin, ie. predominently residues with 0, S or N in the side chain 
(eg. cysteine,histidine, aspartate etc.). These are usually found on 
the 'surface' of the haemoglobin molecule. This would fit with the data 
showing that trimethyltin has a similar affinity constant to tri­
ethyltin for rat haemoglobin despite a considerable difference in water
solubility, and indicates the lack of hydrophobic interaction at the 
binding site (Rose, 19&9)• 'Ihis contrasts with the situation in 
rat liver mitochondria, where the affinity constant for trimethyltin 
is nearly i/40 that for triethyltin, and a hydrophobic requirement 
either at the binding site or to gain entrance to the site is 
indicated (Aldridge & Street, 1970)•
Consideration of these structural features of haemoglobin places 
some constraints on the interpretation of the data obtained with 
diethylpyrocarbonate (pH 6) treatment. The fact that the diethyl­
pyrocarbonate produced a clear delineation between the two triethyltin 
binding sites means that they are not equivalent. The only place on 
the haemoglobin molecule where this can occur is close to the axis 
of symmetry and we may deduce that the two sites, whether chemically 
identical or not, must be close enough to the axis of symmetry to 
release the requirement for duplicate sites. This may occur simply 
across the axis, or in the internal cavity, or in the cleft between 
the two |3 chains near the binding site for 2,3-diphosphoglycerate.
Despite the similarity in the overall structure of the haemoglobin 
molecule in the mammalian species, the actual number of positionally 
invariant amino acid residues is remarkably low (Perutz et al., I965). 
This means that while detailed examination of a molecular model of 
horse or human haemoglobin will give the 3-dimensional arrangement of 
the amino acid residues, it is not possible to search for a triethyltin 
binding site on a ’lock and key' basis as the residues in cat and rat 
haemoglobin (the only ones to which triethyltin has been shown to bind) 
may be different. Of the cat and rat haemoglobins, only the a chain 
of rat haemoglobin has been sequenced so far (Chua et al., 1975» T>ut 
see Chapter 5)• Once cat haemoglobin (either the A or B species) has
yo
been sequenced, an unequivocal answer to the identity of the binding 
site might be obtained from X-ray diffraction studies on the 
crystalline haemoglobin.
The data obtained with diethylpyrocarbonate suggests that histidine 
is only involved in one of the triethyltin binding sites on cat and 
rat haemoglobin, although it is not possible from this data to say 
whether one or two histidine residues are involved (more than two is 
very unlikely), since the rate of loss of histidine residues was not 
found to be first order.
The photooxidation studies of Rose on rat haemoglobin, however 
showed the rate of loss of methionine, cysteine and histidine to be 
first order (Rose, I969). This would support a free radical type of 
attack of the amino acids by oxygen, which would be less affected by the 
environment around the residues than the reaction with diethylpyro­
carbonate. The observation that photooxidation removed both triethyltin 
binding sites indicates that the amino acids affected must be either at 
the binding site or sufficiently close, that their modification results 
in loss of binding to that site.
The appearance of two new binding sites for triethyltin after 
treatment of cat haemoglobin with diethylpyrocarbonate at pH 8 suggests 
that these sites also do not involve histidine residues. They may 
therefore be the same as the diethylpyrocarbonate (pH 6) insensitive 
site, or may be two identical sites containing different residues from 
the diethylpyrocarbonate (pH 6) insensitive site. The straight line 
Scatchard plot (Fig. 2B.12) however shows that they have a similar 
affinity for triethyltin to the diethylpyrocarbonate (pH 6) insensitive 
site.
The observation of only straight line Scatchard plots is a 
feature deserving comment. The reasons for the choice of the 
Scatchard method of analysis of the binding data have been presented in 
Appendix B, and one reason is that it allows a clear graphical 
resolution of sites of differing affinities. In order to see how 
different the affinity constants of 2 sites would need to be before 
a curve was detectable, data has been invented to simulate the binding 
of triethyltin to cat haemoglobin and the Scatchard plots are shown 
in Figure 2B.13. A difference in affinity constants of a factor of 
5 - 1 0  fold would be required to produce a marked curvature of the 
Scatchard plot.
The postulate that triethyltin binds to cat and rat haemoglobin by 
two different chemical sites, therefore means that the amino acid 
groups involved have an affinity for triethyltin within a factor of 
5 - 10 of each other, in view of the straight line plots obtained.
Figure 2B.13 Difference in affinity constants necessary to curve a
Scatchard plot describing binding to two sites.
B = bound ligand (mol/mol of protein), F = free ligand (pM). 
The data have been generated for the following parameters:
(mol ligand/mol protein) k^(m-1) N2 K2
A 1.0 3.5 x 10^ 1.0 3.5 x 10^
B 1.0 5.0 x lo 1.0 2.0 x 10^
C 1.0 5.0 x lo^ 1.0 1.0 x 10
D 1.0
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C H A P T E R  2
C. Modification of the triethyltin binding sites in rat Brain
and liver with diethylpyrocarbonate
INTRODUCTION
Triethyltin has been shown to bind to myelin from the rat central 
nervous system (Lock & Aldridge, 1975); rat liver mitochondria, both 
as intact mitochondria, and to the fraction remaining after the 
solubilization of over 80$ of the mitochondrial protein with Triton 
X 100 (Aldridge & Street, 1970), and a protein from the liver super­
natant of rat and guinea-pig liver (Rose & Aldridge, 1968).
The Scatchard plots describing the binding of triethyltin with
all these proteins are curved, and the data has been fitted with two
classes of binding site, one with an affinity of 10^  - 10 M~ , and
one with a much lower affinity. The selectivity of triethyltin for
only very few proteins (Rose & Aldridge, -19.68) and the similarity of
their affinity constants for binding (10^ - 10^ M- )^ suggests that the
chemical interaction between triethyltin and the above proteins may be
similar to that for cat and rat haemoglobin. It is therefore important
to see whether the binding sites in rat brain and liver are affected
by treatment with diethylpyrocarbonate at pH 6 or whether there is
evidence for more than one type of binding site (with an affinity 
*5 6 1constant of 1CK - 10 M” ) with these fractions also.
METHODS
Preparation of the TX 100 fraction from rat liver mitochondria
It was decided to use the TX 100 fraction from rat liver mitochondria 
since this was known to bind triethyltin (Aldridge & Street, 1970)» and 
would eliminate problems of the penetration of diethylpyrocarbonate 
into intact mitochondria.
Rat liver mitochondria were prepared as described by Aldridge 
and Street (1970). A refrigerated M.S.E. High Speed 18 centrifuge 
working at 4°C and using an 8 x 50 on? angle rotor was used for this 
preparation. Lobe tissue from the liver of guillotined rats was 
homogenised in ice-cold 10.2$ sucrose solution (8 g liver in 30 cm^) 
for 15 return strokes in an improved homogeniser (Webster & Smith, 1964) 
originally described by Aldridge, Emery and Street (i960; 1090 rev./min., 
0.508 mm total pestle clearance). A further aliquot of ice-cold 
sucrose solution (35 cm for each 8 g liver) was added and mixed. The 
nuclei and cellular debris were centrifuged down at 850 g (av.) for 
10 minutes (2500 rev./min.) in polypropylene centrifuge tubes. The 
resulting supernatant was transferred to fresh tubes and the mito­
chondria pelleted at 5000 g (av.) for 15 minutes (6500 rev./min.).
The supernatant was carefully poured off and discarded, and the mito­
chondria resuspended in 10.2$ sucrose solution, initially in about 
35 cm solution, by repeated sucking up of liquid and blowing onto the
mitochondrial pellet with a pasteur pipette, and then to a final
3
volume of about 70 cm . The mitochondria were pelleted as described
above, the supernatant discarded, and finally resuspended as above in
0.15 M KG1 (10 cm-^  per rat used).
The TX 100 fraction was prepared by incubating the mitochondria
with an equal volume of 2$ (w/v) Triton X 100 in a phosphate buffer at
pH 7*4 (by mixing M/l5 KH^PO^ and M/l5 Na^HPO^ in a ratio 19*2:80.8
(v/v) respectively) at 37°G for 30 minutes in a shaking water bath in 
3a 100 cnr polypropylene centrifuge tube, with occasional swirling. The 
fraction centrifuging down at 40000 g (av.) for 25 minutes (18000 rev./ 
min.) was called the TX 100 fraction. The supernatant was discarded 
and any remaining liquid wiped carefully off the inner wall of the
centrifuge tube with a tissue. The pellet was resuspended in 
0.1 M KH^PO^ buffer at the desired pH using a loose-fitting perspex 
pestle at 580 rev./min. to a final volume of 5 - 7 cm^ per rat 
used. The resuspended pellet was kept in a measuring cylinder with 
the top cut off and manually resuspended before use with a 
snug-fitting perspex pestle.
Preparation of rat central nervous system myelin
Rat brain myelin was prepared using a refrigerated (0°C)
Beckman-Spineo Model 'L' centrifuge with a three place SW 25 swing-out
rotor as described by Lock and Aldridge (1975)•
Two or more rats were guillotined and the brains removed whole. They
were rinsed in ice-cold 10.2$ sucrose solution, blotted dry and weighed
(l - 2 g each). They were then homogenised in 30 cm-^  ice-cold sucrose
solution using the homogeniser described above, for ten return strokes
at 1930 rev./min. with 0.25^ mm total pestle clearance. A sufficient
volume of 10.2$ sucrose solution was added to give a 5$ (w/v) homogenate
and this was layered over 0.85 M sucrose (approximately 12 cm^ on 18 cm^)
in a polypropylene centrifuge tube. The crude myelin formed a milky layer
at the interface of the two liquids after centrifuging at 57000 g (av.)
for 30 minutes (22500 rev./min.) and was harvested using a pasteur
pipette. The fraction at this stage contains myelin and axoplasmic
inclusions trapped in myelin lamellae (Autilio et al., 196^). The crude
3
myelin from each tube was dispersed in approximately 20 cm ice-cold 
water in a fresh centrifuge tube and re-centrifuged at 57000 g (av.) 
for 20 minutes (22500 rev./min,). This osmotic shock ruptures the 
myelin lamellae and allows the myelin to sediment free of trapped 
impurities. The pellet of myelin was resuspended in 10.2$ sucrose 
solution using a pasteur pipette and then a modified measuring cylinder
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(as described above) to a final volume of 10 cnr per brain taken.
Preparation of rat liver supernatant
Lobe tissue (9 g) from rat liver was homogenised (10 return 
strokes, 0 .25^ mm total pestle clearance) in 10.2$ sucrose solution
O O
(30 cnr). The volume was adjusted to 65 cm with 10.2$ sucrose 
and the homogenate centrifuged at 13300 g (av.) (10500 rev./min.) for
15 minutes in an M.S.E. High Speed 18 centrifuge (4°C) in polypropylene
3tubes in an 8 x 50 cm angle rotor.
3The supernatant was transferred to 25 cm polypropylene centrifuge
tubes and spun at 104-000 g (av.) (40000 rev./min.) for 1 hour in an
M.S.E. Super Speed 50 centrifuge (0°C) in an 8 x 25 cnP angle rotor.
The supernatant was carefully removed with a pasteur pipette to avoid
disturbing the floating fatty layer. The solution was diluted to
-3approximately 10 mg cm by the addition of an equal volume of 0.2 M 
KH2P0^ pH 7.3.
Measurement of triethyltin binding
Triethyltin binding to rat liver supernatant was measured using
equilibrium dialysis as described for the haemoglobin binding studies.
3
Approximately 10 - 20 mg of protein was contained in 5 cm 0.1 M 
KH^PO^ buffer at pH 7.3 inside the dialysis sac. Triethyltin concen­
trations of 1.5 to 100 jiM were used to construct Scatchard plots. 
Incubations with diethylpyrocarbonate (or ethanol) were performed on 
a bulk aliquot of supernatant at pH 6 in a stoppered conical flask; 
the pH was then adjusted to 7*3 with NaOH and 5 cm*^  taken for each 
triethyltin concentration in the experiment.
For the TX 100 fraction and myelin from the rat central nervous 
system, incubations and binding studies were performed in the same
loA
50 cm^ polypropylene centrifuge tubes. Protein (l - 2 mg, 0.8 -
1,0 cm^) was added to 0.1 M KH^PO^ buffer at pH 6 in the centrifuge
tube. Incubation with diethylpyrocarbonate (added in 0.25 cm^ ethanol)
or ethanol was carried out at room temperature (18 - 20°C), with
occasional shaking, usually for 20 minutes. The pH was then raised
to 7.3 "by the addition of NaOH and the triethyltin added (in 0.1 M
KHgPO^, pH 7.3). The final volume was 10 cm^ for the TX 100 fraction,
3and 5 cm for the myelin preparations. After 15 minutes incubation, 
the tubes were centrifuged at 39000 g (av.) for 25 minutes (18000 rev./ 
min.) in an M.S.E. High Speed 18 centrifuge (8 x 50 cm^ angle rotor) 
at room temperature. The supernatant was poured off and an aliquot (3 
or 5 cm ) taken for counting. The tube was then carefully wiped free 
of surface liquid with a tissue and left to drain. The whole of the 
pellet was removed (using a flattened glass rod and 10$ ethanol) for 
counting.
Protein estimation
Protein was estimated by a modification of the method of Lowry 
as described by Schacterle and Pollack (1973)• An alkaline copper 
solution was prepared as follows: CuSO^ (0.25 cnrV 20$ (w/v)) was
added to a solution of 0.1 g potassium - sodium tartrate in approximately
3 320 cnr water in a 100 cnr volumetric flask. Na^GO^ (10 g dissolved in
approximately 50 cm^ water) was added and mixed, followed by 5 ciP
NaOH (10 M), then the solution was made to 100 cm^ with water. This
solution was freshly made up every fortnight. The phenol reagent
(Folin-Ciocalteu) was diluted 17 times with water before use and was
prepared freshly, immediately before use.
O
The sample (l cm , containing 20 - 100 jig protein) was mixed in a
o
standard glass test-tube with the alkaline copper reagent (l cm ) 
and left to stand undisturbed for 10 minutes before the phenol reagent 
(4 cm^) was added rapidly and forcibly from a pipette. The test-tube 
and contents were heated in a water bath at 55° C for 5 minutes and 
then cooled quickly in a bowl of water for 1 minute. The absorbance 
at 650 nm was read 5 - 10 minutes later in 1 cm cells against a blank 
of water.
Bovine serum albumin, kept at 4°G as a stock solution of 
-31 mg cm in water, was diluted to give standard solutions containing
-3between 20 and 100 jig cm which were read with every assay, and used 
to construct a standard curve of absorbance at 650 nm against jig protein. 
All assays were done in duplicate. The standard curve was found to be 
linear over the range 20 - 100 jig protein, but slight variations in the 
slope of the line were occasionally found (Fig. 2C.1). The duplicates 
were usually very good (+ 0.003 absorbance unit or better) and the 
slight variations in slope may have been due to reading the solutions 
at different times after heating. As standards were run with every 
assay however, the values obtained for the unknown samples should be 
correct.
Many chemicals have been shown to interfere with the Lowry assay
of protein (for a comprehensive list, see Bensadoun & Weinstein, 1976)
including potassium ions (above 12 mM), sucrose (above l$)and Triton
X 100 (above 0.1$). The assay is very sensitive however and dilutions
of 50 - 100 fold were routinely performed on protein samples to obtain 
-330 - 60 jig cm . The final concentrations of the above chemicals in 
the assay were therefore very low (Table 2G.1). As confirmation, bovine 
serum albumin was prepared in the appropriate concentrations of sucrose, 
TX 100 and potassium and the protein estimated and compared with a
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Figure 2C.1 Standard curve for protein determination (O-lOO ug) using 
the method of Schacterle and Pollack (1973)
Bovine serum albumin was used to prepare the standard curves. The mean
of nine assays performed over the period of study is shown with the
standard deviations for 25, 50 and 100 jig protein. For experimental
details see Methods.
control solution in water. The results (Table 2C.1) show no 
significant differences between the solutions.
RESULTS
Rat brain myelin, the TX 100 fraction from rat liver mitochondria, 
and rat liver supernatant were studied for the effect of pretreatment 
with diethylpyrocarbonate on triethyltin binding. Treatment of the 
proteins with diethylpyrocarbonate (2.5 - 100 mM) in 0.1 M KH^PO^ 
buffer at pH 6 produced a different effect on the triethyltin binding 
sites in the brain and liver fractions, as seen in the Scatchard plots, 
Figures 2C.2,3 a*id 4. The best-fit curves were obtained by a stati­
stical least mean squares analysis of the data and the parameters 
describing the binding sites are given in Table 2G.2. The individual 
values for the number of binding sites (N) and their affinities (K) were 
found to vary considerably. The errors in N and K, however, were 
inversely correlated and the effect of diethylpyrocarbonate pretreatment 
on triethyltin binding is best seen by considering the product N.K for 
the two classes of sites; this shows the effect on the total binding 
capacity of the high and low affinity binding sites.
The effect of diethylpyrocarbonate pretreatment on triethyltin 
binding to the TX 100 fraction and liver supernatant was to decrease 
the binding to the high affinity site, and to increase slightly the 
binding to the low affinity site. The effect on myelin was to increase 
the binding to both sites. The effect of diethylpyrocarbonate on 
both the myelin and TX 100 fractions was greater with increasing 
concentrations of diethylpyrocarbonate although even after two 
consecutive incubations of the TX 100 fraction with 100 mM diethyl­
pyrocarbonate (this is- essentially a saturated solution), there was
Table 2C.1 Concentrations of interfering-chemicalsin the protein
assay, and their effect on protein determination.
The concentrations given below are maximum values for those present in 
the final 6 cm^ of the protein assay (see Methods). Bovine serum 
albumin (12.5t 25 and 50 pg) was then prepared in water, and the 
appropriate concentrations of potassium and IX 100 or potassium and 
sucrose, and the protein determined in the usual way.
Chemicals present Concentration Protein estimated/pg
None
13.0
26.0 
51.0
K
P0,%  
TX 100
0.3 mM 
0.3 mM 
less than 0 ,0017$
13.0
26.0 
51.5
K
Sucrose
0.3 mM 
0.3 mM 
0.2 mM
13.0
27.0 
53.0
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Figure 2G.2 Triethyltin binding to rat Brain myelin pretreated with
diethylpyrocarbonate.
B = hound triethyltin (nmol/mg protein), F = free triethyltin (yiM). 
Triethyltin binding was determined as described in Methods. Control 
▲ , the myelin fraction was incubated (20 - 30 min) with diethylpyro­
carbonate (pH 6.0): 2.5 o» 25 mM ▼. For binding parameters see
Table 2C.2.
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Figure 2C. 3 Triethyl tin Binding to the TX 100 fraction from rat liver
mitochondria pretreated with diethylpyrocarbonate
B = hound triethyltin (nmol/mg protein), F = free triethyltin (pM). 
Triethyltin binding was determined as described in Methods. A. Control ▲ 
The mitochondrial fraction was incubated (20 - 30 min) with diethylpyro­
carbonate (pH 6.0): B. 2.5 O f 25 mM ▼ C. 50 mMB D. 100 mM • , 
two consecutive additions of 100 mM v . For binding parameters see 
Table 2C.2.
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Figure 2C.4 Triethyltin binding to rat liver supernatant treated with
diethylpyrocarbonate.
B = bound triethyltin (nmol/mg protein), F = free triethyltin (pM).
Triethyltin binding was determined as described in Methods.
Control + imidazole ▲ , treatment with diethylpyrocarbonate (pH 6.0,
20 min, 50 mM) • . For binding parameters see Table 2C.2.
Table 2C.2 Binding parameters for the Interaction of triethyltin with 
rat brain and liver fractions treated with diethyTpyro- 
carbonate (DEPG). ””
The number of triethyltin binding sites (N, nmoles/mg protein) and the 
affinity constant (K, M- ) have been calculated from the data contained 
in Figures 2C.2,3 and 4. The values for rat liver supernatant were 
obtained from the best fit curve fitted by eye, those for the myelin and 
mitochondrial fractions were obtained from a statistical least mean 
squares analysis of the data.
»1 K1 Nr Kl N2 K2 N2'K2
MYELIN
Control 14.1 2.7 X 104
xCO• 105 51 1.1 X io3 5.6 x 10^
+DEPC (2.5mM) 5.0 1.1 x io-5 5.5 x 103 148 1.4 x 103 2.1 x IO3
(25 mM) 7.1 1.1 x 105 7.8 x 103 287 1.0 x 103 2.9 x IO3
TX 100
(mitochondria) i. 1.
Control 7.5 5.4 x 1CT 4.1 x IO5 82 1.2 x 103 9.8 x 10
+DEPC (2.5mM) 11.4 3.5 x 10^ 4.0 x 103 114 6.9 X 102 7.8 x 10^
" (25 mM) 2.8
4
9.6 x 10 2.7 x 103 230 7.5 x 102 1.7 x IO3
(50 mM) 1.3 2.0 x 105 2.5 x io3 154 1.1 x io3 ‘1.7 x 105
(lOOmM) 6,0
4
3.3 x 10^ 2.0 x 103 128 1.1 X io3 1.4 x 103
" 2 x (lOOmM) 2.9
Ll
5.0 x io 1.5 x io3 136 1.0. x IO3 1.4 x IO3
LIVER SUP'T ✓ /
Control 1.3 1.3 x 10b 1.7 X io6 50 5.0 X 103 2.5 x 103
+ DEPC (50mM) 0.3 1.0 x io6 3.0 x io3 78 5.0 x 103 3.9 x 103
still a measurable amount of triethyltin binding to the high affinity 
site.
In the single experiment on rat liver supernatant, 50 mM 
diethylpyrocarbonate was found to almost completely remove the high 
affinity site. The binding of triethyltin to rat liver supernatant 
will be discussed further in Chapter 4.
The protein component of rat C.N.S. myelin and the TX 100 fraction 
from rat liver to which triethyltin binds is unknown and therefore 
no information is available as to their structure or molecular weight. 
The number of triethyltin binding sites per molecule of. protein is 
therefore difficult to calculate. The fractions are, however, certain 
to be impure in the sense of containing protein to which triethyltin 
does not bind. Diethylpyrocarbonate will modify the histidine residues 
in these proteins also, and this may account for the higher concen­
trations of the reagent needed to modify triethyltin binding to the 
myelin and mitochondrial fractions compared with the haemoglobins.
The binding sites on rat brain myelin and rat liver mitochondrial 
and supernatant fractions are clearly different and their similarity to 
the haemoglobin model must be considered. The high affinity binding 
sites for triethyltin on the TX 100 fraction and rat liver super­
natant behave in the same way to diethylpyrocarbonate as the diethyl­
pyrocarbonate (pH 6) sensitive site on cat and rat haemoglobin,
indicating a requirement for histidine residues for binding. Myelin,
6 - 1however, contains a binding site with an affinity of 10^ M which 
appears not to contain histidine. This latter class of sites may be the 
same as the diethylpyrocarbonate (pH 6 or 8) insensitive sites on the 
haemoglobin or may be completely unrelated to the haemoglobin model.
SUMMARY
1) The molar extinction coefficients for cat, rat and human haemo­
globin have been determined for the oxy-haemoglobin at 540 nm.
Values for cat and rat haemoglobin used by some authors in the 
literature have been found to be incorrect.
2) Using the correct molar extinction coefficients, triethyltin has 
been shown to bind to both cat and rat haemoglobin; 2.0 molecules of
triethyltin combining with each molecule of haemoglobin with an
5 - 1affinity constant of approximately 10 M at pH 8.0. There is 
therefore no need to postulate cooperativity between the sites 
(Rose, 1969).
3) The value of the molar extinction coefficient describing the 
reaction of diethylpyrocarbonate with imidazole derivatives has been 
found to depend on several factors (i.e. the nature of the imidazole 
derivative, and time of incubation). The limitations of the quanti­
tation of the reaction of diethylpyrocarbonate with histidine 
residues in proteins have been discussed.
4) Pretreatment of both cat and rat haemoglobins with diethylpyrocarbonate 
at pH 6 leads to the loss of only one triethyltin binding site.
5) Pretreatment of cat haemoglobin with diethylpyrocarbonate at pH 8 
resulted in the demonstration of 3 binding sites for triethyltin per 
molecule of haemoglobin; this was shown to be due to the loss of the 
one diethylpyrocarbonate (pH 6) sensitive site and the appearance of 2
new sites.
6) While one site for triethyltin on cat and rat haemoglobin appears 
to contain histidine residue(s), there is evidence for a second class 
of site, of similar affinity to the first, which does not contain 
histidine.
7) Treatment of rat brain myelin, rat liver supernatant and the TX 100 
fraction from rat liver mitochondria, with diethylpyrocarbonate at
pH 6, resulted in a decrease in the triethyltin binding to the liver 
fractions but an increase in binding to the myelin. There is therefore 
further evidence of two distinct classes of binding site for tri­
ethyltin on proteins.
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A. Evidence for the pentacoordination of tin 
at the binding sites on macromolecules
INTRODUCTION
We have shown in Chapter 2 that both cat and rat haemoglobin 
bind two molecules of triethyltin per molecule of haemoglobin. The 
affinity of triethyltin for the two sites on a given molecule is the 
same (i.e. the Scatchard plot is linear) and the affinities of both 
cat and rat haemoglobin are of the same order of magnitude. It has 
also been found, however, with the use of a selective histidine reagent 
that the two binding sites on cat and rat haemoglobin are not identical
In this chapter it is intended to try and establish the reason for 
the inequality of the binding sites.'
Triethyltin binds to a limited number of proteins, which suggests 
that the binding is due to the 3-dimensional structure of the proteins 
rather than to a single chemical group. Trialkyltin compounds form 
pentacoordinate complexes with certain donor ligands (Van der Kerk 
et al., 1962; Poller, 1965; Evans & Smith, 1975)» and it seems likely 
that such pentacoordination of tin between two groups with a defined 
spatial relationship is involved in the selective binding of triethyl- . 
tin to certain proteins. It has been shown that in cat and rat 
haemoglobin, the two binding sites on each molecule behave differently 
to diethylpyrocarbonate treatment at pH 6.0. It is of interest to 
enquire into the stereochemistry of the triethyltin binding sites to 
see if they behave as a single class of sites or if there is further 
evidence of chemical heterogeneity.
METHODS
Competition of various alkyl-lead and alkyltin compounds with 
triethyltin for cat haemoglobin
The effect on the Scatchard plot of adding a competitor to a 
ligand-protein binding system is different if the competitor is 
present at a fixed concentration over the range of ligand concen­
trations to the situation in which a fixed competitor:ligand ratio is 
used. The main advantage of the latter was believed to be that an 
affinity constant for the competitor interacting with the protein may 
be easily determined (Lock & Aldridge, 1975)* It was therefore 
decided to use a fixed competitor:ligand ratio throughout the following 
studies. However, on completion of the study, it was discovered that 
although the original formulation of the equation relating the binding 
of ligand to macromolecule in the presence of a competitor was.correct 
(Lock & Aldridge, 1975)» it was not possible, using the experimentally 
determined values to obtain graphically an affinity constant for the 
competitor. The nature of the Scatchard plots expected for the 
binding of a ligand to a macromolecule in the presence of a competitor 
(for differing affinity constants for the competitor) has been 
examined for the cases of constant competitor concentration and constant 
competitor:ligand concentration ratio (Appendix C).
The unexpected result was that for a constant competitor:ligand 
concentration ratio, it is practically impossible to graphically 
derive an affinity constant for the competitor since the measured portion 
of the Scatchard plot for a wide range of competitor affinity constants 
extrapolates approximately through a fixed point on the x-axis. The
11'9
results of the following studies have therefore been limited to a 
Scatchard plot of the binding data for triethyltin, in the presence of 
the competitor and an estimate of the affinity constant of the 
competitor, derived from the raw data as described in Appendix C.
All the competitors were added to the buffer outside the dialysis 
sac, immediately before the triethyltin, in studies with cat haemo­
globin and rat liver supernatant. Diethyltin dichloride and tri­
ethyltin hydroxide were prepared in phosphate buffer, the remaining 
compounds in redistilled dimethylformamide. The volume of solvent 
added was less -than 2% (v/v) of the total volume, and controls containing 
similar volumes of solvent alone were usually run at the same time.
Small but reproducible changes in the affinity constant for triethyltin 
were found in the presence of dimethylformamide (see text for details).
For competition studies involving myelin or the TX 100 fraction 
from rat liver, both triethyltin and competitor were added to the 
buffer in the centrifuge tube before the addition of the protein.
Suitable controls were again run with solvent alone (less than 2% (v/v) 
of the total volume). The preparation of the protein fractions has 
already been described (Chapter 2C).
Recording of Moessbauer spectra
The Moessbauer spectrum of the cat haemoglobin - triethyltin 
complex was recorded at the Physical Chemical Measurements Unit at 
A.E.R.E., Harwell. The spectrum was collected over a period of 
approximately j6 hours and fitted by computer, also at Harwell.
RESULTS
Competition studies with alkyl-lead, and alkyltin compounds on cat 
haemoglobin
Trialkyl-lead compounds more readily form pentacoordinate 
complexes with donor ligands than triethyltin (lead is below tin in 
Group IVb of the periodic table), and should therefore compete for 
the triethyltin binding sites on cat haemoglobin. Dialkyltin compounds 
however, would be expected to have a different coordination chemistry 
in aqueous solution to trialkyltin compounds, and so may be unable 
to react with the triethyltin binding site on haemoglobin. This has 
previously been shown to be the case for the TX 100 fraction from rat 
liver mitochondria (Aldridge & Street, 1970).
The effect of tri-n-propyl-and triethyl-lead, and trimethyl- and 
diethyltin on the binding of triethyltin (5 - 100 pM) to cat haemo­
globin was studied, and the resulting Scatchard plots are shown in 
Figure 3^.1. Trimethyltin, triethyl- and tri-n-propyl-lead (1:1 molar 
ratios to triethyltin) were found to increase the apparent affinity of 
triethyltin for cat haemoglobin, and affinity constants for the 
organometal compounds of 3*3 ± (5) x 10^, 2.5 + 0.8 (3) x 10^
Ip _i
and'^.O +0.5 (3) x 10 M~ respectively were determined from the 
measurements used for each point on the Scatchard plot, as described 
in Appendix G. Triethyltin binding to cat haemoglobin was found to be 
almost prevented by concentrations of the trialkyl-lead compounds 10 
times greater than the triethyltin concentrations, whereas diethyltin 
in the same 10:1 molar excess over triethyltin did not produce a 
measurable change in the Scatchard plot.
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Figure 3A.1 Competition studies with alkyl-lead and tin compounds 
for the triethyltin binding sites on cat haemoglobin.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM).
The compounds added and the competitor : triethyltin molar ratios were:
A. triethyl-lead (1:1) ▼ , tri-n-propyl-lead (1:1) ■ , B. diethyltin
(10:1) O  » and trimethyl tin (1:1) a . Control 0 .  The buffer used
was 0.1 M KH2P0^, pH 7.3. .
The triorganometal compounds are therefore able to affect the 
binding of triethyltin to cat haemoglobin, and on the basis of the 
similarity of their structures it would seem most likely that this 
is by competition with triethyltin at the binding sites.
Thus the triethyltin binding sites on cat haemoglobin behave 
towards these triorganometal analogues as would be expected for a 
single class of sites where binding involved pentacoordination of the 
tin atom.
The effect of dimethylformamide on triethyltin binding to cat 
haemoglobin was found to be a small but reproducible increase in the
affinity constant (the slope of the Scatchard plot) e.g. from
k , , k -1
3.5 x 10 M to 4-^.5 x 10 M . The Scatchard plot remained linear
with two molecules of triethyltin binding to each molecule of cat
haemoglobin.
Examination of the Moessbauer spectrum of the cat haemoglobin.2SnEt^ 
complex
Moessbauer spectroscopy is an analytical tool for the direct 
analysis of certain nuclei and their immediate chemical environments. 
An excellent review of the application of Moessbauer spectroscopy in 
organotin chemistry is available (Zuckerman, 1970) together with 
comprehensive compilations of the Moessbauer parameters for tin com­
pounds obtained up to 197^ (Zuckerman, 1970; Ruddick, 197&), and only 
a brief introduction will be given to the subject, relevant to its 
proposed use in the analysis of triethyltin binding sites in macro­
molecules.
Moessbauer spectroscopy is £-ray resonance spectroscopy. The 
radiation source is the ^^^mSn isotope which decays from the 1st
123
excited state to the ground state with the emission of a ^-ray of
energy 23.8 keV. A tin containing absorber, on account of the 8.6%
119natural abundance of 7Sn isotope, will absorb this energy and be raised 
to the 1st excited state, providing the tin atoms axe in the same chemi­
cal environment as the source, and both the source and absorber are 
restrained to allow recoil-less emission a M  absorption of the energy.
In practice the absorber is usually cooled (to liquid nitrogen tempera­
ture) to increase the proportion of recoil-less absorptions.
When the environments of the tin atoms in the source and 
absorber are not identical, the relevant energy levels no longer 
coincide. The appropriate modulation of the emitted energy is achieved 
by moving the source relative to the absorber and the velocity necessary 
to allow maximum absorption is recorded as the isomer shift ( S ). The 
isomer shift represents the 'mis-match' of the nuclear energy levels 
and is influenced by the s-electron density of the absorber.
A symmetrical compound such as tetraethyltin gives rise to one 
absorption band, a molecule with less than spherical symmetry (e.g.
SnEt^Gl) however gives rise to a splitting of the band. This reflects
119the splitting of the energy levels of the 1st excited state of the 7Sn 
(nuclear spin = ^/2) due to the electric field gradient produced by the 
unsymmetrical distribution of nuclear charge. The magnitude of this 
splitting is the quadrupole splitting (AQ). Measurement of the isomer 
shift and the quadrupole splitting and comparison to standard tables of 
parameters for tin compounds of known structure therefore gives infor­
mation on the chemical environment of the tin atom. This method is 
theoretically independent of the size and nature of the surrounding 
protein and so is ideal for the specific investigation of the triethyltin 
binding sites in complex macromolecules.
The Moessbauer spectrum for the cat haemoglobin-triethyltin
complex was recorded in 0.09 M Tris/HGl buffer (pH 7.8) at 77K
relative to a GaSnO^ source. The ratio of triethyltin added to the
haemoglobin (5.0 mM triethyltin, 2.7 mM haemoglobin) was sufficient
to produce 90% saturation of the binding sites. This should ensure a
minimum amount of free triethyltin. A computer fit to the spectrum
produced (Fig. 3A.2) showed a single doublet with parameters 
r -1 -1o =  1.48 mms and AQ = 1.7^ mms . The simple doublet splitting of 
the spectrum indicates that the two binding sites for triethyltin on 
cat haemoglobin are the same. The values obtained for S and AQ 
on the basis of published values fit satisfactorily to only two classes 
of compound (Zuckerman, 1970; Ho & Zuckerman, 1973; Ruddick, 1978).
i) triethyltin - sulphur bonding
ii) pentacoordinate triethyltin where the two 
ligands are at 90° to each other (cis).
A simple complex SnEt^-S-X where the sulphur is from cysteine or 
methionine seems unlikely for the following reasons. Triethyltin has 
been shown to have very little affinity for thiol groups including 
dithiols (Aldridge & Cremer, 1955)» and the ubiquitous nature of cysteine 
and methionine residues in proteins does not agree with the selectivity 
of triethyltin for only a few proteins. Diethyltin, which is known to 
react with thiol, particularly dithiol, groups has no effect on tri­
ethyltin binding to cat haemoglobin (Fig. 3A,l), If the binding site 
on cat haemoglobin for triethyltin were to consist of sulphur-containing 
residues, they would need to be unique in some way (chemically or 
positionally).
The Moessbauer spectrum is only consistent with pentacoordinate 
tin if the two ligands are at 90° to each other (Ho & Zuckerman, 1973) .
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This is an unusual sterochemistry, with axial ligands being more 
normal as with the triethyltin-imidazole complexes (Van der Kerk 
et al., I962). The quadrupole splitting values for the various 
pentacoordinate complexes are very different, however, and clearly 
there is only one fit to the parameters obtained.
Competition studies with intramolecularly pentacoordinate triorganotin 
compounds
Triorganotin compounds may be made pentacoordinate by an intra-
groups (Van Koten & Noltes, 1976). A series of such compounds is shown 
in Figure 3A.3• These were tested to see if they could compete with 
triethyltin (as discussed earlier, for Fig, 3A.1) for the binding sites 
on cat haemoglobin. If the binding site for triethyltin on macro­
molecules is such that the tin atom is pentacoordinate, then clearly 
the intramolecularly coordinated molecules should be unable to interact 
with it. The results in Figure 3A.4 show clearly that while diethyl- 
phenyltin bromide competed effectively at equimolar concentrations 
(5 ■- 100 j^M) to the triethyltin (determined affinity constant =
1.4 + 0.1 (4) x 10 M“ , Appendix C), the other three intramolecularly
L
L
Sn L Sn
L
Sn
H
AQ/mms : 2.2 and 
below
■3-2 - 3.7 2.8  -  3.3
molecular bond from a suitably placed substituent on one of the alkyl/aryl
Et2Ph SnBr
Br
CH-NMe^
(o (II)
CH2NMe2 ®
(
CH2NMe2
Figure JA.3 Formuli of some intramolecularly pentacoordinate tin 
compounds based on diethylphenyltin bromide.
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Figure 3^.^ Competition of intramolecularly pentacoordinate tin 
compounds with triethyltin for cat haemoglobin.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM).
The compounds studied were those shown in Figure 3A.3» a*id were present
at equimolar concentrations to the triethyltin. Control £,
diethylphenyltin bromide ▼ , (i) Q  , (ll) □ ,  (ill) ■ , The buffer
used was 0.1 M KH^PO^, pH 7«3«
pentacoordinate compounds were inactive.
An intramolecularly pentacoordinate tributyltin compound,
I I
Bu„SnOCH„CHJTEtrt 
3 2 2 2
was also examined '(5 - 100 pM) and this too proved ineffective in 
competing for the triethyltin 'binding sites on cat haemoglobin 
(Fig, 3k.5). Tributyltin alone, however, was also found to be unable 
to compete with triethyltin at equimolar concentrations (5 - 50 pM,
Fig. 3k.5)• The ratio of tributyltin to triethyltin could not be 
increased owing to the limited solubility of tributyltin.
Trimethyltin, diethylphenyltin, triethyl- and tri-n-propyl-lead 
have been shown to be able to affect the binding of triethyltin to 
cat haemoglobin, and it seems likely that this is the result of 
competition for the triethyltin binding sites. Tri-n-butyltin however, 
was unable to affect the triethyltin binding* Tri-n-butyltin is 
larger and more hydrophobic than the other compounds examined, and it 
is possible that its inactivity reflects the physico-chemical 
characteristics of the triethyltin binding sites.
We may conclude that the Moessbauer spectrum and the competition 
studies suggest that the triethyltin binding sites on cat haemoglobin 
do not differ in their stereochemistry: both bind triethyltin with the 
tin atom pentacoordinate between two amino acid residues.
Triethyltin binding to rat brain myelin, the supernatant from rat 
liver, and the TX 100 fraction from rat liver mitochondria was then 
studied in the presence of some of the compounds listed in Figure 3k. 31 
to see if they could act as competitors for the binding sites on these 
proteins and the results are presented in Figures 3A.6,7 and 80
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Figure 3A. 5 ’ Competition of tributyltin compounds with triethyltin for 
cat haemoglobin.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM).
|
Control #  , Bu^ Sn OCH^CHgNEtg (1*1) ■ » (5*1) □ > tributyl tin
acetate (1*1) O  • The figures in brackets refer to the SnBu^ X : SnEt^ 
molar ratio. The buffer used was 0.1 M KH^PO^, pH 7*3•
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Figure 3A. 6 Competition studies with the TX 100 fraction from rat
liver mitochondria.
B = bound triethyltin (nmol/mg protein), F = free triethyltin (pM).
Control #  , diethylphenyltin (1s1) ■ , compound (1) (from Fig. 3A.3»
5:1 molar excess over triethyltin) □ . The buffer used was 0.1 M KH^PO^,
pH 7.3 . Observed binding parameters from the best fit curves drawn:
N^(nmol/mg protein)
Control A 4,5
B
+ Et^PhSnBr
+ (I)
4.5
1.0
1.0
K1(M*-1) N2 K2
8.0 X 10* 45 2.0 X 103
8.5 X
410* 70 2.0 X io3
4.0 X io3 6 8.0 X io3
4.9 X io3 20 2.0 X to3
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Figure 3A. 7 Competition studies with rat brain myelin.
B = Bound triethyltin (nmol/mg protein), F = free triethyltin (pM) 
Control #  , diethylphenyltin (isi) ■ , compound (l) (from Fig. 3A.3,
5:1 molar excess over triethyltin) □ . The buffer used was 0.1 M KH^PO^, 
pH 7.3. Observed binding parameters from the best fit curves drawn:
Control A 
B
+ Et^PhSnBr
+ (1)
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Figure 3A.8 Competition studies with rat liver supernatant fraction
B = "bound triethyltin (nmol/mg protein), F = free triethyltin (pM). 
Control #  , diethylphenyltin (1:1) ■ , compound (i) (from Fig. 3A.3, 
5:1 molar excess over triethyltin) □ . The "buffer used was 0.1 M 
KH^PO^, pH 7.3. Observed binding parameters from the best fit curves 
drawn:
(nmol/mg protein) Kt (M”1) N2 K2
Control 0.8 4.0 x 106 2.5 3.0 x 10^
+ Et^PhSnBr 0.65 6.0 x 106 1.5 1.0 x 10-5
+ (1) 0 .3 1.2 x 107 2.5 1.0 x 10-5
The best fit curves drawn through the data are such as to 
allow a meaningful comparison between triethyltin binding to the 
high affinity'sites on the proteins with or without competing 
ligand present. Ihe data is less complete and accurate at the 
higher values of bound triethyltin, where the lower affinity sites 
are the main contributors to the Scatchard plot however, and whilst 
it appears that the triethyltin binding to these low affinity sites is 
less influenced when the intramolecularly pentacoordinate tin compound 
is present rather than diethylphenyltin, this interpretation must be 
treated cautiously. In the presence of diethylphenyltin or the 
intramolecularly pentacoordinate tin compound, triethyltin binding 
to the high affinity sites of all three protein fractions is affected, 
and this is thought to be through competition at the binding sites.
The determination of affinity constants for the added compounds for 
either the high or low affinity sites has not been attempted (see 
Appendix C).
The ability of a pentacoordinate tin compound to bind to the high 
affinity sites in myelin and the liver fractions suggests that these 
sites are different from the binding sites on cat haemoglobin where 
binding by a pentacoordinate tin compound was not observed.
The intramolecularly pentacoordinate tin compound used in the 
binding studies (Fig. 3A.1) is known to be chemically stable, and 
dissociation of the bromine is not expected (Van Koten & Noltes, 19?6). 
The pH of the medium for the experiments with cat haemoglobin and 
the myelin and liver fractions was the same, and it is thought unlikely 
that the myelin and liver fractions, as prepared, would contain enzyme 
activity capable of removing the pentacoordination of the tin compound. 
It is possible however that the high affinity tri ethyl tin binding sites
are in such a chemical environment within the myelin and liver 
proteins as to facilitate the release of the pentacoordination of 
the tin compound and allow binding to the triethyltin site.
If it is accepted that the high affinity binding sites for 
triethyltin in the myelin and liver fractions are able to accept or 
modify a pentacoordinate tin compound and allow binding, then they 
must be more complex than the triethyltin binding sites in cat 
haemoglobin, or have a different chemical nature.
C H A P T E R  3
B. The chemical nature of the diethylpyrocarbonate
(pH 6.0) insensitive site on cat and rat haemoglobin
INTRODUCTION
The hypothesis that triethyltin hinds to haemoglobin by two 
histidine residues led to the choice of diethylpyrocarbonate as a 
selective reagent for histidine to confirm the theory. However, the 
results obtained suggest that the chemical nature of the two binding 
sites on cat and rat haemoglobin may be different. Other reagents 
for modifying amino acid residues likely to be involved in the 
triethyltin binding sites were therefore used to try and deduce the 
identity of the binding sites on the haemoglobin.
METHODS
Photooxidation of cat haemoglobin
Photooxidation of cat haemoglobin was carried out essentially as 
described by Rose for rat haemoglobin (Rose, I969). Cat haemoglobin 
(10 cm^ , 80 pM) in 0.1 M KH^PO^, pH 7*3 was contained in a 50 cm^
beaker surrounded with aluminium foil, in a shaking bath with ice/water
in a cold-room (4°C). Methylene blue (0,01$ (w/v) final concentration) 
was added and the solution illuminated with a 150 watt lamp 
(Philips Comptalux Flood, tungsten filament in Ar/N^, placed 13 cm 
above the surface of the liquid) for a given time. A sheet of perspex 
was placed between the lamp and beaker to deflect the heat and a fan
was used to maintain a stream of cold air over the beaker. The
temperature of the liquid did not rise to more than 1 or 2°C during even 
the longest runs.
O
The haemoglobin (7 cm) was separated from the dye by passage 
through a Sephadex G25 column (28 cm x 1.5 cm) equilibrated in 0.1 M 
KH^PO^, pH 7.3> and diluted to 20 )M, Triethyl tin binding was measured
by equilibrium dialysis. The concentration of the haemoglobin used 
for calculation of the binding data was taken assuming 100$ recovery from 
the Sephadex column, since after prolonged photooxidation a significant 
amount of ferri-haemoglobin was present and made the spectrophoto- 
metric estimation invalid. Two controls were run, for the longest 
period of photooxidation employed (135 minutes); one contained dye, 
but was kept completely sealed in aluminium foil at 4°C, the other 
with no dye, was illuminated in the ice/water bath. Both solutions 
were passed through the Sephadex G25 column before being diluted for 
triethyltin binding measurements.
Treatment of cat haemoglobin with iodoacetamide
Iodoacetamide was prepared in water and added to cat haemoglobin 
(30 cm^ , 20 pM) in 0.1 M KH^PO^, pH 6.0, to give concentrations of 
5 - 50 mM. After incubation at 20 - 22°G (l hour), the pH was adjusted 
to 7.3 and triethyltin binding measured by equilibrium dialysis.
Treatment of cat haemoglobin with phenylmercurie acetate
Phenylmercuric acetate was prepared in dimethylformamide and added 
to cat haemoglobin (30 cnP, 20 pM) in 0.1 M KH^PO^, pH 7.3. The 
solution was left for 30 minutes before measurement of the triethyltin 
binding by equilibrium dialysis. The dimethylformamide was less 
than 2$ (v/v) of the haemoglobin solution.
RESULTS
Photooxidation of cat haemoglobin
Photooxidation of rat haemoglobin has been shown to destroy 
histidine, cysteine and methionine residues (Rose, 1969). Owing to the
structural similarities between mammalian haemoglobins (Chapter 2A) 
these residues would also be expected to be destroyed with photo­
oxidation of cat haemoglobin. We have already seen that the rate of 
loss of triethyltin binding sites from cat haemoglobin treated with 
diethylpyrocarbonate is greater than with rat haemoglobin. If the 
amino acids at the binding sites are histidine residues, they should 
therefore be readily inactivated by photooxidation with methylene blue.
Photooxidation of cat haemoglobin in the presence of methylene 
blue for various times lead to the destruction of both triethyltin 
binding sites (Fig. JB.l). The rate of loss of binding appeared to be 
first order over the time-period studied. The rate of loss of binding 
sites was however slower than with rat haemoglobin and illumination for 
more than two hours was necessary to remove 75$ of the sites. The 
control solutions showed that the effect of dye or illumination alone 
for an equivalent time had no significant effect on triethyltin binding 
to the haemoglobin. The affinity constant for the triethyltin binding 
sites remaining after treatment was found to be almost the same as the 
control. This indicates that the loss of triethyltin binding sites is 
not due to the denaturation of the protein. The loss of individual 
amino acids after photooxidation was not measured in this experiment 
although it would be expected that the type of amino acids lost would 
be the same as for rat haemoglobin.
Photooxidation of cat haemoglobin therefore results in the 
destruction of both triethyltin binding sites. This means that the 
amino acid residues affected (cysteine, histidine, and methionine) 
either compose the binding sites or are sufficiently close to them that 
their modification results in loss of binding. The rate of loss of 
binding was first order, indicating that both sites were lost at a
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Figure 3^.1 Photooxidation of cat haemoglobin ; effect on triethyltin 
binding.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM). 
Controls: no treatment #, exposure to light only (135 min) D  , 
exposure to dye only (135 min) Q  . Cat haemoglobin illuminated in the 
presence of methylene blue for ^5 min ■ , 90 min □ , and 135 min ▼ .
For experimental details, see Methods.
similar rate. Of the amino acids affected by photooxidation, histidine 
and cysteine would seem the most likely to be involved in triethyltin 
binding. Since the use of diethylpyrocarbonate as a histidine 
selective reagent had suggested residues other than histidine to be 
involved, it was decided to re-investigate the possibility of the 
involvement of sulphydryl groups in the binding of triethyltin to cat 
haemoglobin.
Treatment of cat haemoglobin with iodoacetamide
Iodoacetamide is generally regarded as a reagent for modifying 
sulphydryl groups in proteins (Webb, 1966). By appropriate choice of 
pH, however, it has been shown to modify methionine (pH 2.8), histidine, 
(pH 5 - 6) > cysteine (pH 7 - 8 )  and lysine (pH 8.5 - 10) although these 
pH values may vary for each individual amino acid residue in a protein 
(Gundlach et al.t 1959&) and Gundlach et al., (1959^) have shown 
methionine able to react with iodoacetic acid throughout the pH range 
2 to 8.5. It appears therefore that as a general rule, iodoacetamide 
will only be selective in a protein containing only one or two of the 
above types of residue (Crestfield et al., 19&3)• The use of iodo­
acetamide at pH 6 - 7 on cat haemoglobin will therefore be expected to 
modify histidine, cysteine, methionine and possibly lysine.
Treatment of cat haemoglobin with iodoacetamide (pH 6.0 for 1 hour 
followed by equilibrium dialysis at pH 7*3 for 17 hours)resuited in a 
loss of triethyltin binding sites (Fig. 3B.2), and after incubation with 
50 mM iodoacetamide the number of sites was reduced to 0.7 per molecule 
of haemoglobin. The iodoacetamide is therefore able to remove both 
triethyltin binding sites. The affinity constant for triethyltin with 
the sites remaining after treatment however is the same as the control,
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Figure 3B•2 Treatment of cat haemoglobin with iodoacetamide : effect on
triethyltin binding.
B = hound triethyl tin (mol/mol of haemoglobin), F = free triethyl tin (pM).
Control #  , treatment with iodoacetamide at concentrations : 5 mM ■ »
20 mM O  » 50 mM □ and for 2 hours at 50 mM ▼ , For experimental
details see Methods..
indicating that the iodoacetamide has had a direct effect on the 
binding sites rather than an indirect effect due to a general de- 
naturation of the protein. A plot of log # binding sites remaining 
against the concentration of iodoacetamide used, resulted in a 
straight line suggesting that the two sites behave in a similar way- 
after treatment with iodoacetamide (Fig. 3^.2). It may be noted that 
a high concentration of iodoacetamide (50 mM) was necessary to remove 
65% of the binding sites.
Since the iodoacetamide was able to remove both triethyltin 
binding sites on cat haemoglobin (ie. the diethylpyrocarbonate (pH 6) 
sensitive and insensitive sites) it was of interest to see whether 
it would also be effective in removing the three triethyltin binding 
sites on cat haemoglobin pretreated with diethylpyrocarbonate at pH 8.0. 
The results of using a range of iodoacetamide concentrations (10-50 mM) 
on the modified cat haemoglobin is given in Figure JB.3. Incubation 
with 10 mM iodoacetamide reduced the number of triethyltin binding 
sites from three per molecule of haemoglobin to approximately 0.5 per 
molecule of haemoglobin and increasing concentrations reduced the 
number of sites still further. The affinity of the remaining sites was 
again not very different from the control haemoglobin.
Iodoacetamide is therefore capable of removing all the triethyltin 
binding sites found in cat haemoglobin by incubation at pH 6.0 - 7.3.
This provides confirmation, by a chemical modification of cat haemo­
globin of the results obtained with photooxidation: the loss of both 
triethyltin binding sites following treatment capable of modifying 
histidine, cysteine and methionine residues.
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Figure 3B.3 Iodoacetamide treatment of cat haemoglobin after
inculpation with diethylpyrocarbonate at pH 8 : effect 
on triethyl tin “binding,
B = bound triethyl tin (mo l/mol of haemoglobin), F = free triethyl tin (pM).
Gat haemoglobin following diethylpyrocarbonate treatment at pH 8 (20
min) #  , after further incubation with iodoacetamide : 10 mM I ,
50 mM ▼ . For experimental details see Methods.
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Treatment of cat haemoglobin with phenylmercuric acetate
The alkyl and aryl mercurial compounds are usually considered to 
he one of the ,more specific classes of chemical reagent for sulphydryl 
groups in proteins. They have a very high affinity for -SH (of the
20 «.i
order of 10 M~ ) and tend to react with all available residues (Webb, 
1966). Gat haemoglobin has eight titratable -SH groups in each 
tetramer (Taketa et al., I968) and so was pretreated with phenylmer­
curic acetate (PhHgAc) in a molar excess of 3*1» 5*1 and. 8:1 
(PhHgAc : cat haemoglobin) at pH 7*3 to examine the role of -SH groups 
in triethyltin binding. The results, in the form of a Scatchard plot 
are presented in Figure 3B.*K The number of binding sites for tri­
ethyl tin is progressively lost as the concentration of phenylmercuric 
acetate is increased until, when the PhHgAc : cat haemoglobin molar ratio 
is 8:1, the binding is completely inhibited. The affinity of the 
binding sites remaining after treatment is only slightly decreased 
compared with the control. A plot of percent triethyltin binding sites 
observed against phenylmercuric acetate concentration was linear 
(Fig. 3B.4).
At the highest concentration of inhibitor the haemoglobin solution 
was cloudy with a slight precipitate. The lowest concentration had no 
visible effect on the haemoglobin and with the intermediate concen­
tration only a very lig^ it precipitate was observed. The visible 
spectrum of all the solutions however was found to be identical to 
the control and it was inferred -that denaturation of the protein had 
not occurred to any great extent.
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Figure JB.k Treatment of cat haemoglobin.with phenylmercuric acetate; 
effect on triethyltin binding
B = hound triethyl tin (mol/mol of haemoglobin), F = free triethyl tin (pM).
Control #  , treatment with phenylmercuric acetate (molar excess over
haemoglobin) 3:1 ■ , 5*1 O  . For experimental details see Methods.
Discussion of the results
A summary of the data obtained from the action of various reagents 
on cat haemoglobin and their effects on triethyl tin binding is given 
.below.
In all the modifications used, the Scatchard plots describing the 
triethyltin binding were found to be linear, and the affinity (the 
slope) was found to change little with increasing exposure to the 
reagents (except with the longer incubations with diethylpyrocarbonate). 
This may be taken to mean that the effect on binding was the result 
of reaction with amino acid residues at or near the binding sites and 
not a secondary effect following general denaturation of the protein.
Ihe amino acid residues affected have not been measured for all 
the modifications performed. The reagents used are sufficiently 
well-documented to determine the principal residues affected, and a 
precise quantitation of the number of residues modified would not 
be very meaningful since it would reflect alterations to residues in 
the overall molecule, not at the binding site. Ihere is no evidence
Treatment Residuesaffected
Binding Equivalence of
sites lost binding sites
Photooxidation His,Cys,Met
(assay on rat)
2 Loss of sites =
1st order with time
Iodoacetamide His,Cys,Met 2 Loss of sites = 
1st order with 
concentration
(Lys)
Phenylmercuric
acetate
Cys
(literature)
2 % loss of sites 
linear with 
concentration
Diethylpyro- His, (Tyr)
carbonate (assay)
1
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for any enhanced reactivity of the residues involved in 'binding 
triethyltin.
With the exception of diethylpyrocarbonate, the loss of binding 
due to the treatments given above indicated that the two sites were 
behaving similarly to the reagents, and there was no evidence for 
inequality in the sites.
The following generalisations may therefore be made:
i) modification of cysteine and histidine removes both triethyltin 
binding sites.
ii) modification of only cysteine removes both sites.
iii) modification o'f only histidine removes only one site.
An example of an all-embracing hypothesis to try and fit these 
facts would be that the triethyltin binding sites contained histidine 
and/or cysteine residues, with histidine and/or cysteine residues
nearby, i.e. at a next-neighbour distance. For example:
a) His His (Cys)
*) His Cys
c) Gys Cys (His) with the amino acid near the site in
parentheses.
The introduction of the inequality of the two sites observed 
with treatment with diethylpyrocarbonate at pH 6, and the symmetry of 
the haemoglobin molecule, however, results in a more unique combination 
of residues:
His
axis of 
symmetry
Gys
■>
Gys
His
In untreated haemoglobin, two molecules of triethyltin bind at 
the His - Gys sites. Treatment with diethylpyrocarbonate at pH 6 
removes the histidine residues, but allows one molecule of triethyl- 
tin to bind at a Gys - Cys site. On this model, the diethylpyro­
carbonate (pH 6) insensitive site, is in fact a third site on 
haemoglobin comprising the unaffected halves of each of the two sites 
present on untreated haemoglobin. Reagents capable of modifying 
cysteine are therefore able to remove both (all three) binding sites.
We have shown that 2.0 molecules of triethyl tin bind to each 
molecule of untreated haemoglobin; this means that under control 
conditions, no binding to the site consisting of two cysteine residues 
occurs. This might be ensured by a combination of steric and affinity 
effects. It is clear that once one molecule of triethyltin has bound 
to a histidine - cysteine site, then the second site is also auto­
matically taken. Even with all three sites having an equal affinity 
for triethyltin we would still expect an observed value of approximately 
1.7 mol of triethyltin bound per mol of haemoglobin.
The affinity of the diethylpyrocarbonate (pH 6) insensitive site
for triethyltin is indeed lower than that of the two control sites 
/ h- -1 a —i.
(1 x 10 M cf. 3.5 x 10 M ), although it is uncertain if this difference 
in magnitude would be sufficient on its own to produce a value 
experimentally near to 2.0 mol of triethyltin bound. In addition to 
the observed differences in affinity between the two classes of site, 
it may be that in untreated haemoglobin, the two cysteine residues are 
slightly out of alignment (possibly due to interactions with other 
residues) and that the true affinity for triethyltin under these 
conditions is much lower.
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Confirmation of a Gys - Cys binding site
The donor properties of the second row elements in the periodic 
table (e.g. phosphorus, sulphur) are known to be less for trialkyltin 
compounds than the first row elements (e.g. nitrogen, oxygen) (Poller, 
1970), and the affinity of triethyltin for cysteine residues would be 
expected to be less than.'for two histidines, or a cysteine and a 
histidine. This is in agreement with the observed affinities for the 
postulated binding sites on cat haemoglobin.
Aldridge and Cremer (1955) when comparing the affinities of 
triethyltin, diethyltin and some arsenic compounds (including phenyl- 
arsenious acid) for mono- and di-thiols, concluded that triethyltin 
had only a low (but measurable) affinity for di-thiols. Aldridge and 
Street (196 )^ in a search for materials with which triethyltin would 
interact, found that lipoic acid was able to prevent the characteristic 
colour change produced with triethyltin and dithizone; lipoic acid 
containing a vicinal di-thiol grouping. Dithizone itself is believed 
to complex with triethyltin through a sulphur atom, although additional 
chelation involving a nitrogen atom cannot be ruled out (Irving & Cox, 
1961). Recently, 2,3-dimercaptopropanol (B.A.L.) has been shown to 
give a degree of protection against trialkyltin-induced swelling of 
mitochondria (Wulf & Byington, 1975) and haemolysis of erythrocytes 
(Byington et al., 1974).
Triethyltin is therefore known to react with sulphydryl groups, 
perhaps more with di-thiols than mono-thiols. The observed affinity for 
the diethylpyrocarbonate (pH 6) insensitive site on cat haemoglobin 
however, is greater than would be expected from the results of the studies 
with low molecular weight compounds, and it would be necessary to assume 
that the overall environment around the binding site is such as to 
favour the binding of triethyltin.
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Effect of diethyl tin and phenylarsenious acid on triethyltin binding
to the diethylpyrocarbonate (pH 6) insensitive site on cat 
haemoglobin
It is known that diethyltin and phenylarsenious acid both have 
affinity for dithiol groups (Aldridge & Cremer, 1955; Peters, 1946).
If the proposed nature of the triethyltin binding sites on cat haemo­
globin is correct, then phenylarsenious acid (and diethyltin) should 
compete with triethyltin for the diethylpyrocarbonate (pH 6) insensi­
tive site on cat haemoglobin.
Phenylarsenious acid was prepared as described by Aldridge and 
Cremer (1955) and molar ratios of phenylarsenious acid:triethyltin and 
diethyl tin:'triethyl tin of 5*1 and 40:1 respectively were used. These 
compounds were added with the triethyltin, and binding to cat haemo­
globin (20 pM) pretreated with diethylpyrocarbonate (5 mM, 15 min 
at pH 6) was measured by equilibrium dialysis.
Phenylarsenious acid showed competition with triethyltin for the 
diethylpyrocarbonate (pH 6) insensitive site. Diethyltin however 
showed only a slight competition, even at a 40 fold molar excess over 
the triethyltin (Fig. 3B.5)•
Phenylarsenious acid and diethyl tin were then examined for their 
ability to compete with triethyltin for the two binding sites on 
untreated cat haemoglobin. Using the same molar excess over triethyltin 
for each compound, the pattern was repeated, with phenylarsenious acid 
competing for the triethyltin binding sites and diethyltin showing only 
very poor competition (Fig. 3B»6j of. Fig. 3^.1, where in a 10:1 molar 
excess over triethyltin, no competition was observed with diethyltin).
The selectivity of phenylarsenious acid for di-thiols is well 
known from studies on the effects of arsenicals on pyruvate oxidase and
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Figure 3B.5 Competition of diethyltin and phenylarsenious acid with
triethyltin for the diethylpyrocarbonate (pH 6) insensitive 
site on cat haemoglobin.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM). 
Control #  , compound present with triethyltin (molar excess over tri­
ethyltin) : diethyltin (40:1) ■ , phenylarsenious acid (5*1)
Affinity constants determined as described in Appendix C : diethyltin 
1.2 ± 0.6 (4) x 10^ phenylarsenious acid 1.9 + 0.5 (4) x 10^ M"^.
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Figure JB.6 Competition of diethyl tin and phenylarsenious acid with 
triethyltin for untreated cat haemoglobin.
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM). 
Control #  , compound present with triethyltin (molar excess over 
triethyltin) : diethyltin (40:1) ■ , phenylarsenious acid (3*1) G • 
Affinity constants determined as described in Appendix C : diethyltin 
7.1 + 3.3 W  x 10^ phenylarsenious acid 1.9 + 0.5 (5) x 10^
the protection afforded by di-thiol compounds, where a cyclic arsenic 
complex is.formed, as with 2,3-dimercaptopropanol (Thompson, 1946; 
Stocken & Thompson, 1946). The affinity of phenylarsenious acid for 
di-thiols in proteins is greater than that of diethyltin, and from the 
data of Aldridge and Cremer (1955) it is possible to calculate that 
diethyltin produced the same inhibition of a-keto acid oxidation in rat 
liver mitochondria, and pyruvate oxidation in rat brain brei, as 
phenylarsenious acid, when present in 20 - 30 times the molar concen­
trations of the arsenical. From the data in Figure 3® .5 phenyl­
arsenious acid clearly competes more than diethyltin for the diethyl­
pyrocarbonate (pH 6) insensitive site on cat haemoglobin, and this is 
therefore not inconsistent with the data for the above biological 
systems where binding to di-thiol groups was involved.
The data presented above is therefore consistent with a tri­
ethyltin binding site on cat haemoglobin comprising a pair of cysteine 
residues. These residues have been found to be resistant to treatment 
with diethylpyrocarbonate at pH 8.0 however, and the pK of the -SH group 
would therefore need to be displaced towards higher values than usual 
to explain this observation.
Correlation with previous data on the nature of the triethyltin 
binding site
The proposed nature of the triethyltin binding site on untreated 
cat and rat haemoglobin (involving cysteine and histidine residues) is 
different from that suggested by Rose for rat haemoglobin (involving 
two histidine residues; Rose, 1969). The main experimental evidence 
of Rose for two histidines being at the triethyltin binding site, 
consisted of measurements of the rates of loss of amino acids and 
triethyltin binding, following photooxidation of the protein.
Examination of the data to see if it will accommodate a binding site 
composed of histidine and cysteine residues is difficult as the rates 
of loss of these two amino acids were only measured on different 
haemoglobin samples; the figures obtained however are not at all 
prohibitive to this hypothesis. It must also be remembered that the 
rate of loss of histidine and cysteine residues measured would refer 
to the total content of the haemoglobin molecule, and this is 3^ 
residues in the case of histidine.
Photooxidation studies were also performed on the protein fraction 
from guinea-pig liver supernatant, and a correlation was again found 
between loss of histidine residues and loss of triethyltin binding 
(Rose & Lock, 1970). The involvement of a histidine and cysteine 
residue in the high affinity binding sites would be even more difficult 
to detect in this fraction since there are at least two classes of 
binding site, and the protein fraction although purified, was almost 
certain to contain non-triethyltin binding proteins. The rate of loss 
of binding was found not to be first order as was the rate of loss of 
some of the residues affected by photooxidation, and the only rational 
conclusion that may be drawn with regard to the present work is that the 
hypothesis of a binding site for triethyltin involving histidine and 
cysteine residues is not excluded by the data obtained previously 
by Rose (1969) and Rose and Lock (1970).
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C. Triethyltin binding to cat haemoglobin subunits
INTRODUCTION
Diethylpyrocarbonate has "been shown to reveal an inequality 
in the binding sites for triethyltin on cat haemoglobin. The 
symmetry of the haemoglobin molecule forces the assumption that the 
two binding sites must be near to the axis of symmetry in order to 
release the requirement for identical sites.
Dissociation of the haemoglobin molecule into a 0 subunits should 
enable more information to be gained on the location of the binding 
sites. If triethyltin binds across the axis of symmetry, that is, 
to one residue on each a (3 subunit, then dissociation will cause loss 
of binding; if however, each site is wholly contained on each a 0 dimer, 
then binding will be retained.
For the arrangement of sites postulated in the preceding section, 
we would expect the triethyltin binding to be retained in the a 0 
subunits, but treatment with diethylpyrocarbonate at pH 6 should 
remove both sites.
In order to investigate the importance of the axis of symmetry on 
the triethyltin binding and on the effect of modification of the protein 
with diethylpyrocarbonate (when an odd number of binding sites resulted 
from treatment at both pH 6 and 8) cat haemoglobin was dissociated into 
subunits and the binding of triethyltin under various conditions 
determined.
Mammalian haemoglobins may be dissociated from their normal tetra- 
meric structure into dimers and ultimately into monomers (Perutz et al., 
1965). The production of dimers is achieved with comparatively mild 
conditions which when removed, result in the formation of the original 
tetramer. The formation of monomers however, requires more severe
treatment and is often "but not always accompanied by denaturation of. 
the protein, an irreversible process (Kellet & Schachman, 1971)• The 
conditions usually employed for the reversible dissociation into 
dimers ares
i) alteration of the pH to above 9 or below 5 (going to 
above pH 11 or below pH 5 results in the irreversible 
denaturation of the protein). 
ii) treatment with a high salt concentration (e.g. 1 - 3 M 
NaCl or Na^SO^). 
iii) treatment with an appropriate concentration of urea or 
guanidine hydrochloride (Gn.HCl) (Rossi-Fanelli et al.,
1961; Rossi-Fanelli et al.. 1 9 (Review)).
The latter is more effective than urea, 1,5 M concentrations forming
dimers from human haemoglobin, whereas 8 M urea is needed
(Kawahara et al., I965)• It was decided to use Na^SO^ (l M),
urea (8 M) or Gn.HCl (1,5 M) to investigate the binding of triethyltin
to cat haemoglobin subunits. These concentrations have been shown to
dissociate human haemoglobin into dimers, and 6 M Gn.HCl to produce
monomers (Rossi-Fanelli et al., 1961; Kawahara et al., 1965)•
METHODS
Preparation of subunits
Haemoglobin subunits (a 0 dimers) were prepared by diluting cat 
haemoglobin solutions with 0.1 M KH^PO^ pH 7*3 containing Gn.HCl (1.5 M), 
Na^SO^ (1 M) or urea (8 M). Haemoglobin monomers were prepared in 
0.1 M KH^PO^ pH 7 .3 containing Gn.HCl (6 M). Incubations with diethyl- 
pyrocarbonate were performed at pH 6.0 or 8.0 with 20 jaM haemoglobin
and terminated with imidazole (10 mM). Ihe pH was adjusted to 7.3 
with NaOH before binding was determined by equilibrium dialysis.
Examination of the subunits by polyacrylamide gel electrophoresis
The molecular weight of haemoglobin and of the individual a and
0 subunits is 64500 and 16100 respectively. Gels were therefore
prepared to contain 10$ (w/v) acrylamide; this should allow a reasonable
4 5
separation of molecules with a molecular weight range 10 - 10 g
-1mol . Three stock solutions were prepared in water, containing:
i) 12.12$ (w/v) Tris buffer, 16$ (w/v) 1 M HG1, 0.181$ (v/v)
N,N,N' jN'-tetramethylethylenediamine and 10$ (v/v) glycerol;
ii) 20$ (w/v) acrylamide and 0 .5$ (w/v) bis-acrylamide; iii) 0 .3$ (w/v) 
ammonium persulphate. These solutions were prepared freshly each week 
and stored at 4°C in the dark. Gels were prepared in glass tubes
(5 mm x 100 mm) by mixing 3 parts of (i) with 4 parts of (ii), 
degassing (on a water vacuum pump) for two minutes and adding 1 part 
of (iii).
The running buffer was 0.3$ Tris, 1.44$ glycine (w/v) made to 
pH 8.3 with 1 M HG1 and the gels were prerun for 30 minutes at 3 mA 
per gel as described in Methods to Chapter 2A. The haemoglobin 
sample (25 pi, 5 pM) was applied in running buffer containing approxi­
mately 1$ glycerol. Ovalbumin (15 pi, 10 mg cm” )^ of molecular weight 
-143000 g mol was also run as a standard. Bromophenol blue (a few 
drops of an 0 ,03$ (w/v) solution) in the buffer at the cathode 
allowed the progress of the solvent front to be followed.
The gels were removed from the tubes when the solvent front had 
migrated approximately 90$ of the length of the gel (approximately 
2 hours) and fixed (30 minutes in propan-2-ol, acetic acid, water - 
25:10:65 respectively). They were then stained in coomassie blue
(l hour, 1% (w/v) in 7% acetic acid) and finally destained overnight 
(methanol, acetic acid, water, - 50*75*8?5). Ihe position of the 
bands was measured with a ruler and the intensity recorded by 
examination, as strong, medium or weak.
Examination of the subunits by Sephadex gel filtration
Phosphate buffer (0.1 M KH^PO^ pH 7.3) was added to Sephadex G?5
resin and left to stand for 3-^ hours at 4°C. A column (40 cm x 1.5 cm)
3was packed in the cold, and about 100 cm of buffer run through.
Proteins of known molecular weight* bovine serum albumin,
-1 -1 -168000 g mol ; ovalbumin, *13000 g mol ; and cytochrome c 11700 g mol
were passed down the column in pairs, always with cytochrome c present, 
(1 mg bovine serum albumin + 2 mg cytochrome c, 2 mg ovalbumin + 2 mg 
cytochrome c) and a plot of log molecular weight against R^ relative 
to cytochrome c obtained. Cat haemoglobin (l mg) was then passed 
through the column, also with cytochrome c, and its molecular weight 
determined from the calibration curve. The eluate was collected in 
3 cn? fractions and the protein estimated by measuring A^qq. The peak 
value was used to obtain the R^ for that protein. The identity of the 
haemoglobin peak and the cytochrome c peak (both red solutions) was 
established by recording the visible spectrum of the solutions.
The column was then re-equilibrated in 0.1 M KH^PO^, pH 7*3
3
containing 1.5 M Gn.HCl, by passing approximately 500 cnr solution 
through the gel. Each of the pairs of protein samples was then run 
again, after incubation in the Gn.HCl containing buffer for 1-3 hours. 
The R^ values for ovalbumin and bovine serum albumin were only slightly 
different from the values obtained in the control buffer and the 
molecular weight of cat haemoglobin was again read from the cali­
bration curve.
\
RESULTS
Validation of the subunit structure of cat haemoglobin in Gn.HCl 
solution
l) Using polyacrylamide gel electrophoresis
In an attempt to confirm the subunit nature of the cat haemo­
globin in Gn.HCl solutions, samples were subjected to polyacrylamide 
gel electrophoresis, using the gel as a molecular sieve (Felgenhauer, 
1974). Control haemoglobin solutions and haemoglobin in 1.5 or 6 M 
Gn.HCl (3 hours incubation) were run on polyacrylamide gels (Methods) 
and examination of the results showed that these haemoglobin 
solutions behaved differently in the gels (Table 3^.1). The R^ value 
for the major protein band, however, decreased with increasing Gn.HCl 
concentration; this is not usual for a decrease in molecular weight. 
The distance a protein migrates into the gel, however, is a function 
of both the molecular weight of the protein and its net charge at the 
pH of the running buffer (Hedrich & Smith, I968). Gonenne and 
Lebowitz (1975) also dissociated haemoglobin into dimers and monomers 
using p-hydroxy-mercuribenzoate and found that on polyacrylamide gel 
electrophoresis the subunits did not always run further than the 
tetramer, but certain subunits ran significantly slower. The data 
presented in Table 30,i although not conclusive, is therefore 
apparently not inconsistent with the formation of dimers and monomers 
in 1.5 M and 6 M Gn.HCl respectively.
The usual manipulation of including 1% sodium dodecylsulphate 
in the protein solution (to ensure a uniform net negative charge on 
the protein)is inapplicable in this instance as dissociation of the 
haemoglobin to monomers has been shown to occur under these conditions 
(Weber & Osborne, 19&9)•
Table 3C.1 Polyacrylamide gel electrophoresis of cat haemoglobin 
subunits
Experimental details are in Methods. The distance migrated by the 
observed bands is recorded in mm, together with their values 
compared to the distance migrated by the bromophenol blue front 
(Rf x 100). The intensity of the observed bands is recorded as 
very strong (vs), strong (s), medium (m) or weak (w).
Sample Observed bands
Gat haemoglobin M5)w; 13(l8)s; l6(22)m; 25(35)w
Cat haemoglobin 8.5-9(l2)s; ll(l6)m
+ 1 . 5 M  Gn.HCl J J ' v J
Cat haemoglobin A t/9\
+ 6 M  Gn.HCl 1 , i w  6’
Ovalbumin (major band.) 20(30)vs
It is also realised that at the pH of the running buffer 
(pH 8.3), guanidine would be expected to exist as a cation. This 
would result in a tendency to slow the migration of the haemoglobin 
into and through the gel, by combining with the negative charges 
present on the molecule, and a migration of the guanidine itself 
to the cathode. This may also therefore explain the results in 
Table 3C.1. Gel electrophoresis was therefore not able to provide 
confirmation of dissociation of the haemoglobin with the reagents 
used.
2) Using Sephadex gel filtration
Gel filtration of proteins on Sephadex is a method for separating
molecules according to molecular size only. Gat haemoglobin was
passed through a sephadex G75 column (Methods) in either phosphate
buffer or phosphate buffer containing 1.5 M Gn.HCl and the molecular
weight determined from the elution volume using a calibration curve
obtained under the same conditions with three proteins of known
-1molecular weight* bovine serum albumin, 68000 g mol ; ovalbumin,
—1 —1 
43000 g mol” and cytochrome c, 11700 g mol" , (Fig. 3C.1).
The apparent molecular weight for cat haemoglobin in 0,1 M KH^PO^
-1 -1
was found to be 36OOO g mol"" and with 1,5 M Gn.HCl was 20000 g mol” .
The control haemoglobin solution therefore seemed to behave as the 
dimer when applied to the Sephadex column. It is possible that the 
protein interacts with the dextran gel via the phenylalanine, tyrosine 
and tryptophan residues (Whittaker, 1963), but it would seem unlikely 
that the interaction would account for the apparent halving of 
molecular weight. These amino acid residues would also be expected to 
be mainly found in the hydrophobic interior of the protein and so be 
less able to interact with the gel.
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Figure 3C.1 Sephadex G75 gel filtration of cat haemoglobin solutions
For experimental details, see Methods. The R„ values for elution from
—1the column for "bovine serum albumin (68000 g mol” ) and ovalbumin 
(45000 g mol ) were determined in phosphate buffer with B , and 
without □ , 1.5 M Gn.HCl. The size of the points indicates the range 
of values for the molecular weights of that protein found in the 
literature. The observed R^ values for cat haemoglobin with 
(0 .87, B) and without (0.73» 4) Gn.HCl present correspond to molecular
weights of 20000 and 36000 g mol respectively. The expected values
-1 -1for haemoglobin dimers (32000 g mol ) and monomers (16000 g mol )
are also shown.
A more likely explanation is that the action of the gel in 
separating proteins by molecular size has upset the tetramer/dimer 
equilibrium which normally occurs in aqueous haemoglobin solutions 
(Perutz, 1965). Gat haemoglobin is known to dissociate more readily 
than other mammalian haemoglobins (Hamilton & Edelstein, 1974), and 
it appears likely that as the haemoglobin passes down the column, the 
dimers penetrate further into the gel lattice than the tetramers, which 
then dissociate to maintain the equilibrium (Andrews, 1964). Although 
the tetramer/dimer equilibrium is normally well in favour of the 
tetramer, such a physical separation of the subunits from the tetramer 
and a relatively low protein concentration (0.2$ (w/v) was applied to 
the column) would be expected to enhance the dissociation (Chiancone 
et al., I968). The resulting molecular weight would indeed therefore 
correspond to that of the dimer.
The Gn.HCl presumably further dissociated the dimers into monomers,
the molecular weight obtained (20000 g mol"" ) being only a little
—1higher than that expected (16100 g mol- ). With Sephadex gel 
filtration therefore, there is evidence that the molecular weight of 
cat haemoglobin has been altered by treatment with Gn.HCl (1.5 M), and 
the values obtained are consistent with a halving of the molecular 
weight. This, taken with the fact that cat haemoglobin dissociates 
more readily than most mammalian species by a factor of 5 - 10» would 
indicate that treatment with 1.5 M Gn.HCl would be sufficient to 
dissociate cat haemoglobin into dimers. Any method however for measuring 
the molecular weight of haemoglobin which relies on a separation of 
proteins, i.e. gel electrophoresis, Sephadex gel filtration or rate of 
diffusion across a membrane (Guidotti & Craig, 1963) will be unable 
to provide unequivocal proof of dissociation into subunits. The only
methods capable of providing such evidence are those involving more 
complex measurements of the intact solution, i.e. the sedimentation 
coefficient from the analytical centrifuge (Kawahara et al., 1965), 
light scattering studies (White, 1976) or osmolarity measurements 
(Burk & Greenberg, 1930)*
Binding of triethyltin to cat haemoglobin subunits
The effect of treatment of cat haemoglobin with Na^SO^ (l M), 
urea (8 M), Gn.HCl (1.5 M and 6 M) in 0.1 M KH^PO^ at pH 7.3 for 8 
hours at 4°C on the triethyltin binding is given in Fig. 30.2.
Treatment with 1 M Na^SO^ or 1.5 M Gn.HCl allowed 2 mol triethyltin to 
bind per mol haemoglobin, but with an affinity increased over control 
haemoglobin. Binding of triethyltin to cat haemoglobin treated with 
6 M Gn.HCl was prevented completely.
The result of identical binding experiments after treatment of 
two different samples of cat haemoglobin with 8 M urea showed the loss 
of most of the binding capacity for triethyltin, but were not reproducible. 
The affinity of triethyltin for the sites remaining however was found to 
be increased over that for the control haemoglobin. Examination of the 
visible spectrum of the haemoglobin solutions showed that while those 
treated with Na^SO^ or 1,5 M Gn.HCl were the same as the control, those 
for the 8 M urea treatment had undergone gross changes. In addition, 
the solution was a red-brown colour with a slight precipitate. Rose 
(1969) found that treatment of rat haemoglobin with 8 M urea for 24 hours 
at room temperature led to a total loss of triethyl tin binding and it has 
been reported that while treatment with high concentrations of urea 
does not immediately denature haemoglobin, it is much more prone to do 
so with change7in pH, temperature or on standing (Rossi-Fanelli et al.. 
1964) . It would appear therefore that the treatment with 8 M urea has
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Figure 30.2 Binding of triethyltin to cat haemoglobin subunits 
B =  bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM).
A. Control #  , cat haemoglobin in the presence of 8 M urea y (2 different 
experiments). B. Cat haemoglobin in the presence of 1.5 M Gn.HCl □ , ■ ;
1 M NaoS0,. O* Derived affinity constants for triethyltin: control
2 ZT 4 4 , c _i
3.4 x 10 , urea 9.0 x 10 , GnHCl 8.1 x 10 , Na2S0^ 1.4 x 100 M 1.
resulted in denaturation of the protein over the time necessary to 
record binding. As a further check, cat haemoglobin was treated 
with 4 M urea (sufficient to cause significant dissociation of the 
tetramer (Kawahara et al., 19^ 5)) and results similar to those with 
Na^SO^ or 1.5 M Gn.HCl were obtained (Fig. 3C»3)« The visible 
spectrum of this haemoglobin solution showed no gross changes from the 
control.
The haemoglobin treated with 6 M Gn.HCl was a green-brown colour 
at the end of the experiment and the visible spectrum showed very 
marked changes from the control. The protein in this solution was 
certainly denatured (Kawahara et al., 1965).
Triethyltin binding to cat haemoglobin subunits pretreated with 
die thylpyro carbonate
The effect of diethylpyrocarbonate treatment of cat haemoglobin 
dimers on triethyltin binding was studied. Solutions of cat haemo­
globin (20 pM) in 1,5 M Gn.HCl were treated with diethylpyrocarbonate 
(5 mM) at pH 6 or 8 for different times and binding measured at 
pH 7.3. The results in Figure 30.4 show that after treatment at pH 6, 
triethyltin binding is reduced but that after 15 min incubation one 
site still remained (cf. Fig. 2B.5). When the haemoglobin dimers were 
treated at pH 8 for 2 and 7 minutes (Fig. 3C.4) the number of binding 
sites rose to just over 2 per molecule of haemoglobin (cf. Fig. 2B.ll). 
These results must be interpreted cautiously however as in both 
experiments treatment with diethylpyrocarbonate resulted in the formation 
of a precipitate of modified haemoglobin, which was heavier with the 
longer incubations, and in the case of the pH 8 treatment (7 minutes) 
the haemoglobin had largely settled to the bottom of the dialysis sac 
at the end of the binding experiment. The Scatchard plots are
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Figure 3C.3 Binding of triethyltin to cat haemoglobin in the 
presence of 4 M urea
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM).
Control 0 , 4 M  urea ▼ . Derived affinity constants for triethyltin:
4. 4 - 1
3.6 x 10 and 5.8 x 10 M respectively.
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Figure 3C.k Triethyltin binding to cat haemoglobin subunits following 
treatment with diethylpyrocarbonate
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM).
A. Control + imidazole ■ , treatment of cat haemoglobin in 1.5 M Gn.HCl 
with diethylpyrocarbonate (5 mM) at pH 6.0 for 3 rain O , 15 rain D ,
B. Treatment with diethylpyrocarbonate (5 raM) at pH 8.0 for 2 rain ▼ ,
■7 rain v . Derived affinity constants for triethyltin : control 9*5 x 10 , 
DEPC (6) 3-if x 10 , DEPC (8) 2 x l o ‘t H"1.
reasonably straight lines however, and the results appear to show that 
the binding sites for triethyltin on cat haemoglobin dimers remain 
susceptible to treatment with diethylpyrocarbonate at pH 6 and 8 in 
the same way as the tetramer.
In a solution containing a 0 subunits of cat haemoglobin, however, 
there cannot be an odd number of triethyltin binding sites, except as 
a transitory stage between two even numbers of sites. The result of 
treatment of cat haemoglobin in 1.5 M Gn.HCl with diethylpyrocarbonate 
at pH 6 for 15 minutes (Fig. must therefore be taken to be
fortuitous, or evidence that all the haemoglobin was still in the 
tetramer form.
The latter was considered most unlikely for several reasons* 
i) the evidence presented earlier, ii) cat haemoglobin is known to 
dissociate some 5 to 10 times more readily than most other haemoglobins, 
including human haemoglobin (Hamilton & Edelstein, 197^), iii) the 
treatment given to the cat haemoglobin has been well documented as 
producing complete dissociation of human haemoglobin into a P dimers 
(Kawahara et al., 19^5; Guidotti, 1967)* ^v) the observed result of
treating cat haemoglobin in 1,5 M Gn.HCl with diethylpyrocarbonate at 
pH 8 was not the same as for haemoglobin, in phosphate buffer only.
If it is accepted that haemoglobin dimers have been formed, the 
observation that binding is considerably reduced by treatment with 
diethylpyrocarbonate at pH 6 (Fig. 3C.*0 means that both of ,the 
triethyltin sites on the subunits can be removed by this treatment.
The apparent difficulty in removing the second site may be explained if 
treatment of the dimers with diethylpyrocarbonate at pH 6 also starts 
to uncover the diethylpyrocarbonate (pH 8) sites. This means that the 
longer the treatment, the more of the control sites (the two sites 
found on untreated haemoglobin) are lost, but the more the diethylpyro-
carbonate (pH 8) sites appear.
The value of one binding site per molecule of haemoglobin 
obtained after incubation with diethylpyrocarbonate at pH 6 would 
indeed therefore be a transitory stage, between the sites found on 
Untreated haemoglobin (control sites) going from 2.0 to zero, and the 
diethylpyrocarbonate (pH 8) sites going from zero to 2.0.
This complex situation also appears to occur after treatment with 
diethylpyrocarbonate at pH 8 when 2 - 2.^ sites are observed. At pH 8, 
the two control sites are lost at a faster rate than at pH 6, but the 
two new diethylpyrocarbonate (pH 8) sites are also uncovered faster, 
and it would appear that the figure of 2 - triethyltin binding sites 
per molecule is a composite of control sites and diethylpyrocarbonate 
(pH 8) sites. The fact that 3*0 binding sites were not quickly ob­
served after treatment at pH 8 is also evidence that both control sites 
are sensitive to diethylpyrocarbonate and that dimers have therefore 
been produced.
In order to clarify the picture, cat haemoglobin in 1,5 M Gn.HCl 
was treated with diethylpyrocarbonate a,t pH 6 with two consecutive 
additions and incubations (15 minutes). The resulting Scatchard plot 
(Fig. 3C.5)» showed approximately 1.5 triethyltin binding sites per 
molecule of haemoglobin. This confirms that the number of binding sites 
rises with longer incubations at pH 6, after falling initially, and this 
is only consistent with the progressive uncovering of the two diethyl­
pyrocarbonate (pH 8) binding sites.
The evidence presented above is therefore consistent with the 
proposed binding sites for triethyltin (Chapter 3B), and indicates that 
each histidine - cysteine site is located on an a 0 subunit. The 
diethylpyrocarbonate (pH 6) insensitive site was not observed with a 0
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Figure 3C•5 Triethyltin binding to cat haemoglobin subunits following
treatment with diethylpyrocarbonate (pH 6.0) - two consecutive 
incubations for 15 minutes
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (jjM).
Cat haemoglobin was treated with diethylpyrocarbonate at pH 6.0 (two
consecutive aliquots) in the presence of 1.5 M Gn.HCl.
dimers (although its absence could not be unequivocally proven), in 
agreement with this binding site for triethyltin in the tetramer 
being composed of two amino acid residues, one from each dimer, with 
the triethyltin crossing the axis of symmetry of the haemoglobin 
molecule when bound.
Nature of the diethylpyrocarbonate (pH 8) binding sites for 
triethyltin
Of the three binding sites for triethyltin observed on cat haemo­
globin (in phosphate buffer alone) after treatment with diethylpyro­
carbonate at pH 8, one has been postulated to be the diethylpyrocarbonate 
(pH 6) insensitive site, composed of two cysteine residues. The nature 
of the two remaining sites is unknown, but one or two observations can 
be made from the data obtained.
The Scatchard plots are linear, which together with the symmetry of
the haemoglobin molecule suggests that the sites are an identical pair.
/ 4 -1\The affinity of triethyltin for these sites varies (0.? - 2.5 x 10 M ),
but is less than those on untreated haemoglobin, and of the same kind
of affinity as the diethylpyrocarbonate (pH 6) insensitive site. The
fact that these sites are resistant to diethylpyrocarbonate at pH 8
indicates that histidine residues axe not involved, and suggests that
cysteine residues may not be either. Iodoacetamide treatment, however,
can remove these two sites; this may be due to an involvement of cysteine,
methionine or lysine at or near the binding centre, or may simply be due
to changes in the protein structure following reaction with the two
chemical reagents.
The mechanism whereby diethylpyrocarbonate exposed the two 
triethyltin binding sites could operate in one of two ways. Modification
of histidine, tyrosine, cysteine etc. residues on the haemoglobin 
molecule may cause slight changes in the conformation of the protein 
and expose a previously 'hidden' site, or result in two residues 
capable of binding being brought into juxtaposition. Alternatively, 
the diethylpyrocarbonate may modify a residue which was interacting 
with the binding residue and so free the latter for reaction with the 
triethyltin. •
Reaction of rat haemoglobin with diethylpyrocarbonate at pH 8
Rat haemoglobin (in phosphate buffer alone) was treated with 
diethylpyrocarbonate at pH 8 in order to see whether the diethylpyro­
carbonate (pH 8) binding sites for triethyltin as observed in cat 
haemoglobin were present.
Treatment with diethylpyrocarbonate (as described in Methods, 
Chapter 2B) for 20 minutes resulted in removal of both of the 
triethyltin binding sites (Fig. 3G.6A); similar treatment of cat 
haemoglobin resulted in three binding sites per molecule of haemoglobin 
(Fig. 2B.11). When rat haemoglobin was treated for a longer time-period 
(two consecutive additions and incubations with diethylpyrocarbonate 
for 30 minutes), the corresponding Scatchard plot showed an increase 
in the number of triethyltin binding sites, and the data has been 
extrapolated to a considerable extent to show two sites per molecule of 
haemoglobin (Fig. 3C«6b ). It is therefore possible that rat haemoglobin 
possesses two diethylpyrocarbonate (pH 8) binding sites for triethyltin, 
but treatment at pH 8 is also able to remove both control sites for 
triethyltin, including the diethylpyrocarbonate (pH 6) insensitive site.
These data suggest that the residues binding triethyltin to the 
diethylpyrocarbonate (pH 6) insensitive site have been modified by 
diethylpyrocarbonate at pH 8, or made incapable of binding by the
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Figure 30.6 Triethyltin binding to rat haemoglobin pretreated with 
diethylpyrocarbonate at pH 8.0
B = bound triethyltin (mol/mol of haemoglobin), F = free triethyltin (pM). 
Control #, haemoglobin treated with diethylpyrocarbonate for 20 min ■ , 
two consecutive additions and incubations for 30 rain E •
modification of nearby residues which are essential for their con­
formational integrity,
Based on the hypothesis that the diethylpyrocarbonate (pH 6) 
insensitive site in cat and rat haemoglobin consists of two cysteine 
residues, consideration Of the fact that diethylpyrocarbonate shows 
reactivity towards cysteine residues at pH 8 and above, suggests that 
the result obtained with rat haemoglobin (i.e. the loss of the diethyl­
pyrocarbonate (pH 6) insensitive site at pH 8) is perhaps the expected 
one, and the lack of reactivity with the residues in cat haemoglobin 
is the more surprising. The resistance of the diethylpyrocarbonate 
(pH 6) insensitive site on cat haemoglobin to diethylpyrocarbonate 
at pH 8 may be due to inaccessibility of the site to the reagent, or 
to a difference in the reactivity of the amino acid residues present 
at the site compared to rat haemoglobin. The binding sites for 
triethyltin have been shown to be near to and across the axis of symmetry 
of the haemoglobin molecule, and it is possible that they could be a 
little way inside the internal cavity, sufficient to prevent access 
of the diethylpyrocarbonate to those residues comprising the 
diethylpyrocarbonate (pH 6) insensitive site.
The alternative explanation offered is also plausible, since 
the pK of each amino acid in a protein will depend on the chemical 
environment it is in and any interactions with it. Rose (1969) studied 
the effect of pH on the affinity constant for the binding of triethyltin 
to rat haemoglobin and found a dependence of binding affinity on pH 
consistent with that for a single ionizable group with a pK of 7.1.
A single experiment has been carried out to assess the dependence of 
the affinity constant for triethyltin binding to cat haemoglobin on 
pH. Scatchard plots consisting of three points, one being an assumed
x-axis intercept of 2.0, were obtained for triethyltin (7, 1^ joM) 
binding to cat haemoglobin (20 pM) in 0.1 M Tris/HGl buffer at 4°C 
over the pH range 6.5 - 9*5 (Fig. 3G»7)« The results are different 
from those obtained for rat haemoglobin (Rose, 1969).
An interpretation of the observed pH dependence of triethyltin 
binding to cat haemoglobin has been made. As the pH is increased, 
there is an increase in affinity consistent with a requirement for 
an unionized amino acid residue with a pK of approximately 6.2. There 
is then a decrease in affinity which may be explained by an amino acid 
with a pK of approximately 7•7» before what appears to be a rise in 
affinity again at pH values greater than 9• On the proposed model of 
histidine-cysteine binding sites for triethyltin on cat and rat haemo­
globin, the residue with the pK of 6.2 would be a histidine residue, 
which would indeed be needed in the unionized form for binding. The 
decrease in affinity observed could be explained by a cysteine residue, 
which when ionized (pK 7*7)» interacted with another amino acid 
residue nearby, carrying a positive charge, and was therefore less 
available for binding. The increase in affinity above pH 9 may be due 
to the loss of charge from this residue (expected pK greater than 9.5) 
which could be lysine or arginine.
The pK values for amino acids in proteins may vary considerably 
and it is recognised that the assignment of residues to such a pH 
titration as in Figure 3C.7» is not unequivocal. The data presented 
previously implicating a role for cysteine and histidine at the 
triethyltin binding site supports such an interpretation however, and 
several of the previous findings may be further explained with it.
The data obtained by Rose (1969) for the pH dependence of 
triethyltin binding to rat haemoglobin may be taken as being due to
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Figure 30•7 Effect of pH on the affinity constant for triethyltin 
binding to cat haemoglobin
The affinity constants (K) were determined from Scatchard plots
(0,1 M Tris/HCl at ^°C) and expressed as a percentage of the maximum
affinity observed i.e. at pH 7.0.
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the ionization of both the histidine and cysteine residues at the 
binding site (i.e. the pK values for both residues are shifted from 
their usual values by interaction with other amino acid residues).
The sensitivity of the diethylpyrocarbonate (pH 6) insensitive site to 
diethylpyrocarbonate at pH 8 may be explained, since the pK of the 
cysteine is lower than that usually found (pK 8.3)» and modification 
at pH 8 would therefore be expected to occur. In cat haemoglobin 
however, the cysteine residue, at pH 8 , is postulated to be complexed 
with another residue, and so would be less affected by diethylpyro­
carbonate. Modification would be expected to occur slowly however, 
but the nature of the Scatchard plot obtained (Fig. 2B.ll) would make the 
removal of less than a substantial portion of the diethylpyrocarbonate 
(pH 6) insensitive site difficult to detect.
The rate of loss of triethyltin binding to cat haemoglobin, 
after treatment with diethylpyrocarbonate at pH 6 was found to be 
considerably greater than with rat haemoglobin after similar treatment 
(Figs. 2B.5 & 7). This is consistent with the interpretation that the 
histidine residue involved in binding the triethyltin in cat haemo­
globin has a pK of approximately 6, while in rat haemoglobin the 
corresponding pK is approximately 7> since the diethylpyrocarbonate 
will only modify the unprotonated imidazole ring.
SUMMARY
1) The Moessbauer spectrum of the cat haemoglobin/triethyltin complex
has been recorded and is consistent with both binding sites per 
molecule of haemoglobin involving pentacoordinate tin, with 
the protein ligands at 90° to each other.
2) Interpretation of competition studies with triethyl-lead,
dialkyltin and intramolecularly pentacoordinate trialkyltin 
compounds indicate that both binding sites for triethyltin on 
cat haemoglobin may involve the pentacoordination of the tin 
atom. The high affinity sites on myelin, liver supernatant, and 
the TX 100 fraction from liver mitochondria however, allowed 
competition of the intramolecularly pentacoordinate tin compounds 
with triethyltin; this suggests that these sites may be different 
from those on cat haemoglobin.
3) The finding that the modification of cysteine residues on cat
haemoglobin lead to the loss of both triethyltin binding sites, 
and the modification of histidine residues to the loss of only 
one site has lead to the hypothesis that triethyltin binds to 
two sites, each composed of one cysteine and one histidine residue, 
close to the axis of symmetry. The apparent inequality of sites 
arising from treatment of the protein with diethylpyrocarbonate 
at pH 6 was discussed.
4) Triethyltin has been shown to bind to cat haemoglobin subunits (a |3
dimers only), 2 mol triethyltin per mol of haemoglobin, with an 
affinity slightly increased over that observed for the tetramer.
The nature of the triethyltin binding sites on cat haemoglobin 
following treatment with diethylpyrocarbonate at pH 8 is 
unknown, although histidine residues are almost certainly 
not involved. Both binding sites may be removed with 
iodoacetamide, however, which suggests cysteine or lysine 
residues might be involved at, or near the binding site.
C H A P T E R  k
Binding of triethyltin to rat liver supernatant
INTRODUCTION
One of the few proteins to which triethyl tin is known to bind is
a soluble protein or proteins’in the 100000 g supernatant fraction
of rat and guinea-pig liver homogenates (Rose & Aldridge, I968). The
Scatchard plot- for triethyltin binding to guinea-pig liver supernatant
5 6 lshows two classes of binding site, high affinity sites (10 - 10 M" )
and a small number of lower affinity sites (approximately 10^ M*"^ ).
The component of the liver supernatant to which the triethyltin binds 
has been found to represent only a few percent of the total liver 
cytosol protein, although its identity has not been determined (Rose 
& Lock, 1970).
It has recently been shown that trialkyltin compounds can inhibit 
the glutathione S-transferase group of enzymes (E.C. 2.5.1-13) (Henry 
& Byington, 1976). These are present in the liver cytosol and comprise 
approximately 5% of the total protein. It was decided to investigate 
in more detail the interaction of triethyltin with this group of enzymes 
to see if they could be responsible for the binding of triethyltin 
observed in vivo and in vitro.
Glutathione S-transferases catalyse the conjugation of glutathione 
through the -SH group to potentially alkylating aliphatic, aromatic and 
heterocyclic compounds. Further metabolism is then thought to occur, 
leading to water soluble mercapturic acid derivatives which are readily 
excreted. In this way the glutathione S-transferases have the capability 
for the detoxification and excretion in vivo of a number of compounds 
which may be potentially toxic (Habig et al., I97^a; Smith et al., 1977)•
Purification of this class of enzyme has led to the isolation of 
at least six distinct transferases labelled AA, A, B, C, D and E, based
on the reverse order of elution from carboxymethylcellulose, which 
differ in their substrate specificity (Jakoby et al,, 1976). Trans­
ferase B has been shown to be identical to ligandin, a soluble 
protein capable of binding a number of anions of diverse structure, 
e.g. glutathione, oestrogens, azodye carcinogen, bilirubin and various 
fatty acids (Habig et al., I97^a; Arias et al.t 1976).
A major role has been proposed for ligandin in the liver, that
of an intracellular transport protein. More recently, ligandin has
5
been shown to participate in the br-3-keto steroid isomerase 
reactions (Benson et al., 1977) and to possess glutathione peroxidase 
activity (Prohasila & Ganther, 1977). The identity of the site(s) 
on the protein capable of binding compounds of such different chemical 
structure, and possessing the above enzyme activity is unknown. A 
recent comprehensive review of the functions and binding properties of 
the glutathione S-transferases is available (Arias & Jakoby, 1976)•
Hie localisation of the glutathione S-transferases has been studied 
in the rat, hamster, man and several other mammalian species, and the 
enzymes appear to be located primarily in the liver, kidney and small 
intestine, where they comprise at least 5$» 2$ and 2% respectively of 
the total cytosol protein, and to a lesser extent in the gonads 
(Fleischner et al., 1977). Activity has not been found in other organs 
including the lung and brain. It is therefore of interest to study the 
interaction of triethyl tin with the transferases both for information 
on the nature of the triethyl tin binding site on proteins and also as 
a tool for understanding the mechanism of action of the enzymes. If 
the triethyl tin were to bind to these proteins, then their pattern of 
localisation within the animal may offer an explanation as to why the 
liver is less affected in vivoby triethyl tin than might be expected
from in vitro studies, and why the brain is a particularly susceptible 
organ,
METHODS
Preparation of rat liver supernatant
Lobe tissue (9 g) from rat liver was homogenised (10 return strokes,
0.254* mm total pestle clearance) in 10.2$ sucrose solution (30 cnP),
The volume was adjusted to 65 cm^ with 10.2$ sucrose solution and the 
homogenate centrifuged at 13300 g(av.) (10500 rev./min) for 15 minutes 
in an M.S.E. high speed 18 centrifuge (4°C) in polypropylene tubes in 
an 8 x 50 cm^ angle rotor.
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The supernatant was transferred to 25 cm polypropylene centrifuge 
tubes and spun at 104000 g(av.) (40000 rev./min) for 1 hour in an M.S.E 
super speed 50 centrifuge (0°G) in an 8 x 25 cm^ angle rotor. The super­
natant was carefully removed with a pasteur pipette to avoid disturbing 
the floating fatty layer. The supernatant was then diluted to 
approximately 10 mg cnf^ by the addition of an equal volume of 0.2 M 
KH^ PO^ pH 7.3. For the purification of the fraction on the Sephadex 
G75 column the liver was homogenised in 0.01 M Tris/HCl buffer (pH 8 
at 4*°C).
Purification of the glutathione transferases
(i) By adjustment of pH and (NH ^ „ S0^ precipitation (Booth et al.. 1961) 
An M.S.E. high speed 18 centrifuge with an 8 x 50 cm^ angle rotor 
was used throughout, and all operations were performed at 0-4°C. The 
supernatant fraction of rat liver was prepared as described above and the 
pH adjusted to 5»2 with 5$ acetic acid. The whitish precipitate was 
removed by centrifugation for 15 minutes at 2000 g(av.) (4*100 rev./min) 
and the supernatant dialysed against 100 volumes of water for 20 hours
with stirring. The precipitate formed was removed hy centrifugation 
for 15 minutes at 2000 g(av.) (4100 rev./min) and discarded. The 
supernatant was adjusted to pH 8 with 0.1 M Na^ P^ Or, and the 
centrifuging repeated. Ammonium sulphate was added to the super­
natant (47.2 g per 100 cm^) and after standing (30 min) the 
precipitate was removed by centrifuging as "before. This centrifugation 
step had to be repeated in order to completely remove the solid 
material. The supernatant was adjusted to pH 4.5 with 5% acetic acid 
and centrifuged at 2000 g(av.) (4100 rev./min); the precipitate was 
dissolved in 0.1 M KH^PO^ pH 7*3 (2.0 cm^) and stored at -15°G until 
required.
(ii) Using Sephadex gel filtration
A Sephadex G75 column (100 cm x 2.5 cm) was used at 4°C, and the
o
packing checked and the void volume determined (115 cm ) by passage of a
solution of dextran blue. The column was equilibrated in 0.01 M
Tris/HCl (pH 8 at 4°C).
The supernatant fraction from rat liver (9 g) was prepared in 0.01 M
Tris/HCl (pH 8 at 4°C) as described above, to a final volume of 20 cm^.
35 cur of liver supernatant was passed through the Sephadex column
o o
(approximately 20 cirr per hour) and collected in 5 cm fractions. The
protein concentration was monitored at the same time using an LKB
Uvicord.
Measurement of triethyltin binding to the glutathione transferases
Triethyltin binding to the fractions purified as described above 
was measured by equilibrium dialysis (Chapter 2 A) using 2-10 mg 
protein and triethyltin concentrations of 5-100 ^ iM.
Binding to pure glutathione S-transferase A and B fractions was
measured in polytetrafluorethylene (P.T.F.E.) cells comprising two 
circular hollowed discs, which were pressed together sandwiching a 
layer of dialysis tubing (single thickness) between them. Protein and 
triethyltin were added to different sides via holes in the discs
O
(volume 0 ,25 cm each side) and equilibration was achieved overnight 
at ^°C for at least 18 hours. Aluminium foil was wrapped tightly 
around the cells to prevent the possibility of evaporation. The two 
sides were sampled and counted as described previously. 0.2-0.5 mg 
protein was used in these experiments, and the buffer throughout was
0.1 M KH2 P0^ pH 7.3.
Measurement of |~%~]-oestrone sulphate binding to the glutathione 
transferases
[^H^-oestrone sulphate binding to the glutathione transferases 
was measured in the P.T.F.E. cells as described above and samples were 
taken for counting in Instagel on a Packard Tri-carb liquid scintilla­
tion spectrometer. The concentration of [%]-oestrone sulphate used
-Zf
was approximately 10 M.
Measurement of glutathione S-aryltransferase activity
Glutathione S-aryltransferase activity was measured in the protein 
fractions by a modification of the method described by Henry and 
Byington (19?6). Two substrates were employed*
1. Using 1,2-dichloro-4-nitrobenzene. (D.G.N.B.)
60 pi of 1,2-dichloro-4-nitrobenzene (15 mM; 26 mg in 10 cm^
O
ethanol) was added to 3*0 cm of a solution of reduced glutathione 
(5 mM; 92 mg in 60 cm^ of 0.1 M KH^ pH 8) in a 1 cm silica cuvette. 
The reaction was started by the addition of a solution containing the 
enzyme activity (1-25 pi in 0.1 M KH^ P0^) the reagents mixed and the
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A^ i|4 recor^e<^  with time on a Pye-Unicam SP 1800 recording spectro­
photometer at 22°C. Reaction rates were measured when the was
a linear function of time (usually the first 5 minutes).
2. Using l-chloro-2,^-dinitrobenzene (C.D.N.B.)
50 pi of l-chloro-2,^-dinitrobenzene (30 mM; 60 mg in 10 cm^ 
ethanol) and reduced glutathione (5 mM; ^6 mg in 5 cm^ 0.1 M KH^ P0^, 
pH 6.5) was added to 2.5 cm^ of 0.1 M KH^ P0^ buffer (pH 6.5) in a 
1 cm silica cuvette. The reaction was started by the addition of a 
solution containing the enzyme (1-50 pi in 0.1 M KH^ P0^) the reagents 
mixed and the recorded as above. The non-enzymic rate with both
substrates was not significant. The concentrations of substrate and 
glutathione are those in the final reaction mixture.
The molar extinction coefficient for the reaction of glutathione
S-transferase A with C.D.N.B. was measured as described above, with
-1 -1substrate concentrations 25-60 pM, and determined as 11000 M” cm
—  1 —1
Habig et al., (l97^a) obtained a value of 9&00 M” cm” .
Measurement of kinetic parameters for glutathione S-transferase A 
activity
The methods for each substrate (C.D.N.B. and D.C.N.B.) were as 
described above, except that the substrate concentration was made 
limiting. For C.D.N.B. a useful range was found to be .20-120 pM, and for 
D.C.N.B. 0.12-0.6 mM. The increase in absorbance at the appropriate 
wavelength was measured following the addition of 30 pi of transferase A 
(approximately 0.7 mg cm”^). Triethyltin was prepared in water, and 
added (5-20 pi) before the enzyme.
Protein was estimated by the method of Schacterle and Pollack as 
described in Chapter 2 C.
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RESULTS
Triethyltin "binding to purified glutathione S-transferase fractions
The glutathione S-transferase of rat liver supernatant was
purified by a method described by Booth et al., (I96I), given in
Methods, involving precipitation of protein by the adjustment of pH
and ionic strength, and the binding of triethyltin to this fraction
and to unpurified rat liver supernatant was examined (Fig. 4.1). The
Scatchard plot for triethyltin binding to the purified fraction,
(approximately 8% of the total supernatant protein) was a 'hockey-
-stick* shape, the same as for the crude supernatant (Rose & Lock, 1970)
with both high affinity (N = 2.5 nmol triethyltin per mg protein,
6-1K approximately 2 x 10 M ), and low affinity (N - 3 nmol triethyltin
— 1.
per mg protein, K approximately 5 x 10 M ) classes of sites. The
concentration of high affinity binding sites in the purified fraction
was found to be increased over the crude fraction by only a factor of
approximately 2. The number of low affinity sites appeared to be the
same for both fractions.
The glutathione S-transferases are known to have a molecular weight
-1of approximately 45000 gmol , and Sephadex gel filtration may therefore
be used to purify this class of enzymes. Rat liver supernatant was
passed through a Sephadex G75 column as described in Methods, and 
3
5 cur fractions collected. The profile for the eluate is shown in
Figure 4.2, and reflects the protein concentration. The void volume
3
for the column was determined as 115 cm. t and the first peak, at this 
elution volume, therefore represents the very high molecular weight 
proteins (e.g. globulins). Fractions 32-3** were pink in colour and 
represent the haemoglobin elution volume (which has been shown to 
correspond to a molecular 'weight of approximately 36OOO gmol" ). The
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Figure Jf.l Binding of triethyltin to a purified fraction from rat 
liver supernatant (precipitation)
B = bound triethyltin (nmol/mg protein), F = free triethyltin (pM).
Rat liver supernatant was purified by a method (Booth et al., I96I) for 
the enhancement of glutathione S-transferase activity. Binding was 
assayed by equilibrium dialysis (0.1 M KH^PO^, pH 7.3) using 3*9 mg
protein from the purified fraction #, and 57 mg protein from the crude 
supernatant fraction ■ . Observed binding parameters from the best fit 
curves drawn:
(nmol/mg protein) Kt (M"1) V K2
Crude 0 .8 ^ .0 x 106 2 .5 3.0 x lo-5
Purified 2.5 2.0 x 106 3.0 ^.5 x 104
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fractions were pooled into five batches (A-E) for the measurement of 
triethyltin binding, and the proteins with molecular weights 
40-50000 gmol would be expected to be in fraction G and possibly 
fraction B.
Triethyltin binding to these five fractions was measured and the
Scatchard plots are shown in Figures 4.3 and 4.4. ihe only fraction
where binding with the correct affinity was observed was fraction G where
the number of triethyltin binding sites with an affinity of approximately 
6 -110 M~ had increased to 4-5 nmol triethyltin bound per mg protein.
The Scatchard plots for binding to fractions A, B and D indicated low
/ 3 4 —i\affinity binding sites (10^ - 10 M ) but were a little erratic, and 
there was no binding to fraction E. The haemoglobin present in fraction 
G was less than 5 and would only have an effect on the precise 
quantitation of the low affinity sites.
Glutathione S-transferase activity of fractions binding triethyltin 
Glutathione S-transferase enzyme activity was measured in the 
protein fractions, spectrophotometrically with 1,2-dichloro-4-nitro­
benzene (D.C.N.B.) as described in Methods. Specific activities were 
estimated by relating the increase in A w i t h  time to the amount of 
protein in the sample. The results for the fractions used in obtaining 
Figures 4.1, 3 and 4 are shown in Table 4.1. From the Sephadex 
purification, only fraction G was found to have measurable activity 
towards D.C.N.B. and this was 2 to 3 times that observed for unpurified 
rat liver supernatant. Triethyltin binding to the fraction purified 
by the method of Booth et al., (1961), however, was slightly lower than 
would have been expected from the specific activity observed towards 
D.C.N.B. This may have been due to the rather harsh treatment given 
to the protein in the purification procedure.
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Figure 4.3 Binding of triethyltin to different molecular weight fractions 
of rat liver supernatant
B = bound triethyltin (nmol/mg protein) , F = free triethyltin (yiM).
Binding of triethyltin to fraction .G (Fig. 4.2) was measured by equi­
librium dialysis (0.01 M Tris/HCl, pH 8.0) using 11 mg protein #  . The 
binding to the remaining fractions was contained within the lower triangle 
(see Fig. 4.4). Observed binding parameters from the best fit curve drawn:
= 4.3 nmol/mg protein = 4.5 nmol/mg protein
= 1.8 x 106 M”1 K2 = 4.5 x 10^ M"1
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Figure ^.4 Binding of triethyltin to different molecular weight 
fractions of rat liver supernatant
B = bound triethyltin (nmol/mg protein), F = free triethyltin (pM). 
Triethyltin binding to fractions A #  , B □ , D ▼ , and E (Fig.4.2) 
was measured by equilibrium dialysis (0.01 M Tris/HCl, pH 8.0) with 
2-12 mg of protein used for each point. The curve drawn has the 
following binding parameters:
= 0 .8 nmol/mg protein = 3 .5 nmol/mg protein
= 1.5 x lo-5 m”1 k2 = 7 .5 x 103 M"1
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Table *Kl Glutathione S-transferase activity of rat liver 
supernatant fractions with D.C.N.B. as substrate
The assay was performed as described in Methods, following the increase 
in A w i t h  time.
Sample
-1 -1 A  A ( m i n “ mg protein” )
Crude supernatant
Purified supernatant s method 
of Booth et al.,(1961)
Purified supernatant : gel 
filtration - fraction A
B
C
D
E
0.066
0.35
not detectable 
not detectable
0.17
not detectable 
not done
The binding of triethyltin to the higher affinity class of sites 
was therefore found to increase in a qualitative manner with the 
specific activity of the glutathione S-transferase, with these two 
purification procedures.
Triethyltin binding to pure glutathione S-transferase A and B 
The binding of triethyltin to a pure sample of glutathione 
S-transferase B, ligandin, in 0.1 M KH^PO^ (pH 7*3) was measured in P.T.F.E, 
dialysis cells as described in Methods. The ligandin was the gift of 
Drs. B. Ketterer and E. Tipping, and was purified by passage of rat 
liver supernatant through diethylaminoethyl cellulose, elution from 
carboxymethyl Sephadex, separation by isoelectric focussing and passage 
through Sephadex G 100, (Tipping et al., 1976).
the dialysis cells was better than 96$, but for some cells, the ratio of 
counts with protein : counts with no protein was a little erratic, and 
therefore a single sample was repeated (40 pM triethyltin), but using 
a dialysis sac as for the haemoglobin experiments, with 3*5 mg protein 
contained inside. Again no increase in counts inside the sac as com­
pared to the outside was found. The sample of protein was tested for
enzyme activity with l-chloro-2, 4-dinitrobenzene (C.D.N.B.) and a
-1  - l
satisfactory specific activity of 2.7 pmol min (mg protein) was 
recorded (jakoby et al., 1976)•
It was considered possible that the purified glutathione S-trans­
ferase might only function with the glutathione interacting with the 
enzyme to produce a conformational change facilitating the binding of the
No binding was detectable, although sulphate measured
under exactly the same conditions was able to bind (oestrone sulphate is
5 -1known to bind to ligandin with an affinity constant of 6 x 10 M , 
(Ketterer et al., 1976)). The recovery of triethyl[^^Sn]tin using
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substrate, or that it is a glutathione - substrate complex that binds 
to the protein. Glutathione (1.5 mM) was therefore added to the 
enzyme and triethyltin binding again measured in the P.T.F.E. dialysis 
cells. A small but significant increase was observed in the counts 
obtained with the protein over the counts obtained with no protein, 
indicating that the triethyltin was able to bind to glutathione 
S-transferase B in the presence of glutathione. The limited data did 
not however, produce a coherent Scatchard plot (Fig. 4.5).
The binding of triethyltin to a pure sample of glutathione 
S-transferase A (the gift of Drs. B. Ketterer and E. Tipping) in 
0.1 M KH^PO^, pH 7.3, was measured with and without 1.5 mM glutathione 
present. Triethyltin was found to bind only very poorly to the protein 
in the absence of glutathione but significantly more in the presence of 
glutathione, and a Scatchard plot of the data is presented in Figure 4.6.
Glutathione S-transferases A and B may be distinguished by their 
substrate specificity, transferase A reacting with C.D.N.B. more than 
D.C.N.B. and transferase B reacting essentially only with C.D.N.B.
(even this is less than transferase A). Two of the protein samples 
used for the binding experiments were assayed, as verification of their 
transferase identity, with these two substrates, as described in 
Methods. The results, in Table 4.2, show the expected activities for 
transferase A and B towards the substrates (Jakoby et al., 1976), and 
also confirm that the lack of triethyltin binding observed was not due 
to inactive preparations.
The Scatchard plot observed for the binding of triethyltin to 
glutathione S-transferase A in the presence of glutathione (Fig. 4.6), 
has only limited data, but an estimate of the binding parameters may be 
made. There is insufficient data to distinguish two classes of sites
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Figure 4.5 Binding of triethyltin to glutathione S-transferase B 
(ligandin) in the presence of glutathione
B = bound triethyltin (nmol/mg protein), F = free triethyltin (pM).
Binding was measured by equilibrium dialysis in P.T.F.E. dialysis
cells, using 0.052 mg protein for each point. The glutathione (GSH)
concentration was 1.5 mM.
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Figure 4.6 Binding of triethyltin to glutathione S-transferase A, 
in the presence of glutathione
B = bound triethyltin (nmol/mg protein), F = free triethyltin (pM).
Binding was measured by equilibrium dialysis in P.T.F.E. dialysis
cells, using 0.17 mg protein for each point. The glutathione (GSH)
concentration was 1.5 mM. A straight line has been fitted to the
available data with binding parameters N = 25 nmol/mg protein',
K = 1.1 x 10^ M"1.
Table 4,2 Specific activities of glutathione S-transferases A and B 
with C.D.N.B. and D.C.N.B. as substrate
Activities were measured as described in Methods and expressed 
1 -1as pmol min mg protein . The value for transferase A with D.C.N.B. 
as substrate has been calculated using a molar extinction coefficient 
(pH 7.5) of 8600 M'1 cirT^  (Habig et al., 1974a). The values in 
parentheses are taken from Jakoby et al.,(1976).
Substrates C.D.N.B. D.C.N.B.
Transferase A 
Transferase B
20.1 (62) 
2 .7 (ii)
1.1 0k 3)
not detectable (0 .003)
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and the points have been fitted by a straight line. The resulting 
parameters indicate that there are approximately 25 nmol of
triethyltin able to bind per mg of protein, with an affinity constant
k -1 
of 10 M ,
The glutathione S-transferases have a molecular weight of approxi- 
-1mately ^5000 gmol , and using this figure, the data above indicates
that one molecule of triethyltin binds to each molecule of transferase A
(25 nmoli22 nmol). This is in agreement with the single binding site
per molecule observed for other materials binding to transferase B
(Ketterer et al., 1976). The affinity of triethyltin for transferase A
however, is less than was expected from the studies of the crude rat
liver supernatant and the fraction purified by Sephadex gel filtration,
6 -1where values of 10 M~ were obtained for the high affinity triethyltin
binding site using the same buffer conditions. The observed value for
/ ^ 5 -1\the low affinity sites (10 - 10^ M ) on the unpurified fractions was
more similar to that found for transferase A.
It is possible that in the purified transferase A (and B) fractions 
we are working at sub-optimal binding conditions, and that one or more 
additional factors are required to achieve the binding capabilities seen 
in the whole supernatant fraction. This is supported by the increase in 
triethyltin binding when glutathione was added to the enzyme; only one 
concentration of glutathione was examined. Only transferases A and B 
have been studied in the purified form and it is conceivable as an 
alternative to the above explanation, that one of the other transferase 
enzymes has a much higher affinity for triethyltin.
Inhibition of glutathione S-transferase A by triethyltin
The inhibitory power of triethyltin for glutathione S-transferase A
with both C.D.N.B, and D.C.N.B. as substrate was studied in order to see
4 6 - 1whether an association constant of 10 or 10 M was suggested. The 
dependence of the velocity of the reaction between the enzyme and 
substrate on the concentration of the substrate was measured as 
described in Methods, and the effect of triethyltin on this velocity 
observed.
The results are presented as Lineweaver-Burk plots in Figures 4.7
and 8, with the derived values of K and K.. The values of Km i  m
obtained for the two substrates are in agreement with those in the 
literature (Jakoby et ad., 1976). The IL value for triethyltin was 
found to be the same with both C.D.N.B, and D.C.N.B. as substrate and 
was 0.05 pM. The expected value of the affinity constant for
7 -1triethyltin and the glutathione S-transferase A is therefore 2 x 10 M 
The identical values of triethyltin for the enzyme with both 
D.C.N.B. and C.D.N.B. are consistent with the triethyltin interacting 
at the same site on the enzyme to inhibit both substrates. The 
observed value of 0.05 pM suggests that triethyltin is a very potent 
inhibitor of this particular transferase; the value of triethyltin 
for transferase B, ligandin, with C.D.N.B. as substrate is 26 pM 
(E. Tipping, personal communication).
The relative affinities of triethyltin for the purified trans­
ferases A and B are in agreement with the observed inhibitory power, 
although the affinity constants measured are lower than would be 
expected from the values. As mentioned previously, this is 
presumably due to sub-optimal conditions for binding in the dialysis 
experiments. Ketterer et al., have observed a similar discrepancy in 
affinity constants obtained for haem and bilirubin binding to ligandin. 
The results obtained for binding determined on liver cytosol were 
found in each case to be 2 - 3 orders of magnitude greater than when
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Figure 4.7 Kinetics of the inhibition of glutathione S-transferase A
activity by triethyltin with C.D.N.B. as limiting substrate
Glutathione S-transferase activity was measured at 3**0 nm as described 
in Methods. The lines drawn are from 2-4 replications of the experi­
ment. No inhibitor present #  , 0.11 pM triethyltin ■ ,0.19 pM 
triethyltin O  . The was determined as 0.031 mM, and the as 0.050 pM.
205
6 81■1 53 7o-2 2
/[dcnb] ^  )
Figure 4.8 Kinetics of the inhibition of glutathione S-transferase A
activity by triethyltin with D.C.N.B. as limiting substrate
Glutathione S-transferase activity was measured at nm as described
in Methods. The lines drawn are from 2-3 replications of the
experiment. No inhibitor present •  , 0.01? pM triethyltin O,
0.033 pM triethyltin ■ , 0.066 pM triethyltin □ . The was
determined as 0.62 mM, and the as 0.052 pM.
measurements were made on purified ligandin. Ketterer concluded that 
there were factors necessary for maintaining native structure in the 
protein, that were present in the cytosol, hut that were lost on 
purification of the enzyme (Ketterer et al.. 1976). Further investi­
gations into the binding of triethyltin to the glutathione S-transferases 
under varying conditions (e.g. in the presence of different concen­
trations of glutathione and substrate) may suggest the factors 
necessary to enhance the affinity of triethyltin for the enzyme, and 
so provide information as to the enzymic mechanism of action of the 
transferases.
The various glutathione S-transferases possess different substrate 
specificities, and as we have seen with the transferases A and B, show 
different affinities towards triethyltin. It is difficult therefore to 
predict the effect of triethyltin in vivo on the various transferase 
activities, but from the data presented, it would appear likely that 
inhibition of transferases A and B would occur to a certain extent. 
Considering the importance of the reactions performed by the glutathione 
S-transferase group of enzymes it would be interesting to try to monitor 
the effect of triethyltin on their function. It may also prove possible 
to test some of the roles proposed for the transferases by using 
triethyltin as an inhibitor.
The molecular weight and amino acid composition of the glutathione 
S-transferases A, B and C are known, and there are approximately six 
histidine and cysteine residues present in each transferase (Habig et al., 
1974). Ketterer has postulated that a cysteine residue is involved in 
the binding of at least some known substrates to transferase B (ligandin), 
and that up to three cysteine residues may be in the vicinity of the 
binding site (Ketterer et al., 1976). It is possible therefore that
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if the binding of triethyltin to the glutathione S-transferases is at 
the substrate binding site, it may be at a site similar to those 
postulated for cat and rat haemoglobin.
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C H A P T E R  5 
General discussion
Triethyltin has been shown to bind to cat haemoglobin with an 
affinity similar to that observed for rat haemoglobin, and the 
stoichiometry of the binding has been clarified: 2.0 moles triethyltin 
bind per mole of haemoglobin. Evidence has been presented that the two 
binding sites on cat and rat haemoglobin each consist of a histidine 
and cysteine residue. After treatment of the haemoglobins with 
diethylpyrocarbonate at pH 8, two different binding sites for tri­
ethyl tin (of lower affinity) were found on both rat and cat haemoglobin. 
The relevance of these binding sites to the sites on other proteins 
able to bind triethyltin will be discussed later.
The binding of triethyl tin to the histidine and cysteine residues 
is due to a precise spatial relationship of two amino acids allowing 
pentacoordination of the tin atom, rather than to the unique reactivity 
of the residues, and some of the difficulties in determining the nature 
of the residues involved in such binding of a ligand to a protein, when 
they show a reactivity similar to those of the other residues 
throughout the protein, have been encountered in the work.
In studies where binding is largely dependent on the three-dimen­
sional structure of a protein, the lack of chemical reagents specific 
for a single amino acid residue may lead to ambiguous results, since 
residues not involved in the binding site, but essential to its 
structural integrity may be modified with a resulting loss of binding. 
Certain physical measurements of the protein with and without the
ligand attached may be useful in overcoming some of these problems.
119Sn Moessbauer spectroscopy has been used to analyse the cat 
haemoglobin-triethyltin complex, looking specifically at the tin atom, 
and has provided valuable information as to the nature of the penta- 
coordinate structure at the binding site. Moessbauer analysis of the
nature of the binding site in the haemoglobin molecule following 
treatment with diethylpyrocarbonate at pH 6 and 8 has not so far been 
attempted owing to difficulties with the reagent at the concentrations 
required for reaction with the 2 - 3 haemoglobin solutions which 
are needed to obtain a good spectrum; diethylpyrocarbonate is only 
soluble in water up to 100 mM. The incubations necessary to modify most 
of the histidine residues present in the haemoglobin have been found to 
result in a heavy precipitate of the protein, which has made the 
assessment of the extent of modification of the histidine residues by 
the reagent difficult.
N.M.R, spectroscopy has also been performed on cat haemoglobin 
and the cat haemoglobin-triethyltin complex, and exploratory experi­
ments have indicated shifts in the aromatic region corresponding to 
histidine residues. Spectra have been obtained with triethyltin and both 
cat haemoglobin lysate and isolated cat haemoglobin B. The latter 
experiment was done in 5-10 mM (Bis-Tris) buffer/0.1 M NaCl at pH 7.0 
and 33°C, with 2.0 mM cat haemoglobin B and 9*0 mM triethyltin. After 
the spectrum had been obtained, a slight opacity was observed in the 
solution however, which developed into an apparent amorphous precipitate 
on standing. The precise cause of the precipitate is not known, but 
further investigation of conditions (buffer, pH etc.) may be necessary 
to ensure accurate spectra. This method is obviously very sensitive 
to structural changes in the molecule and shifts in the spectrum in 
addition to those assigned to histidine have also been observed. It 
seems unlikely therefore that information from N.M.R. spectroscopy will 
be able to pinpoint the residues involved in the binding of triethyl tin. 
Valuable information on the nature of the residues affected by triethyl- 
tin binding will be gained however by further studies, and this should
help in determining the location of the triethyltin binding site in 
the overall structure of the molecule. The fact that several changes 
in signals have been observed in the preliminary experiments performed 
supports the hypothesis that binding is not simply on the "surface" 
of the haemoglobin molecule, but may be in a cleft such as the 
internal cavity. There is no real hope of determining changes to 
cysteine residues by N.M.R. in a molecule as large as haemoglobin.
Perhaps the most hopeful area for a definative answer as to the 
nature of the binding site on the haemoglobin is that of X-ray 
diffraction studies on cat haemoglobin. A tentative sequence for the 
3-chains of both cat haemoglobin A and B has recently been reported 
following the production of tryptic peptides, and it appears that work 
is in progress on the a chain (Taketa et al,, 1977). Gat haemoglobin 
has been shown to produce well-formed crystals and with the knowledge 
of the three-dimensional molecular structure of human and horse 
haemoglobin, it may be possible to identify and locate the binding 
sites within the subunit structure.
The interpretation of the Scatchard plots of triethyltin binding 
to cat and rat haemoglobin following treatment of the protein with 
chemical reagents has not always been straightforward, even though 
we were mainly dealing with a single class of sites (two per molecule) 
on a pure, well-characterized protein. The corresponding task of 
trying to identify the nature of the binding sites on any of the other 
proteins to which triethyl tin binds would be very much more difficult, 
mainly due to the number of sites, and there being more than one class 
of sites. The question now must be asked as to the evidence that the 
chemical nature of the triethyltin binding sites in rat brain and liver
fractions is the same as on cat and rat haemoglobin.
The specificity of triethyltin for only a few proteins has been 
taken to be, and is still felt to be, good evidence for a common 
feature in the binding sites on these proteins. The complex nature 
of the protein fractions used makes interpretation of the data 
equivocal but the results presented in this study are thought to make 
a contribution to the assessment of the relevance of the triethyltin 
binding sites on cat haemoglobin to those found in olher proteins.
The effect of diethylpyrocarbonate -treatment of rat brain myelin 
was to increase the triethyltin binding to both the high and low 
affinity sites. It is difficult to envisage this as a specific effect 
of modifying histidine residues, since the nature of the triethyltin 
binding site will almost certainly be different in the high and low 
affinity sites. It is possible that the actual effect is only an 
increase in the number of low affinity sites, and that the apparent 
increase in the high affinity sites is an artifact due to the rather 
large scatter of the points in the Scatchard plot at low triethyltin 
concentrations. The nature of the low affinity sites is not known, 
but they may be the result of hydrophobic interactions between the 
triethyltin and the lipophilic myelin fraction. The myelin fraction 
as prepared will be very rich in lipid material and it is also possible 
that the inability of the diethylpyrocarbonate to reduce triethyl tin
f
binding may reflect a genuine inaccessibility to the triethyltin 
binding site.
The competition for the high affinity site observed with the 
intramolecularly pentacoordinate tin compound would appear to be 
evidence against triethyltin binding to two amino acid residues and so 
achieving pentacoordination on the myelin fraction.
The evidence to date therefore suggests that the high affinity 
binding site for triethyltin on rat brain myelin may be different 
from that found on cat and rat haemoglobin and may not even involve 
pentacoordination of the tin. Several protein fractions may be 
isolated from crude myelin (Eylar, 1972; Norton, 1975; Carnegie & 
Dunkley, 1975)» .and it would be interesting to study the binding of 
triethyltin to these purified proteins and determine the effect of 
the above reagents on this binding, in order to investigate the 
involvement of the lipid component of myelin in the triethyltin binding, 
and the possibility that the effects observed here with diethylpyro- 
carbonate and the pentacoordinate tin compound may be due to the 
hydrophobic nature of the myelin fraction used.
Diethylpyrocarbonate treatment (pH 6) of rat liver supernatant 
removed almost all of the high affinity triethyltin binding sites, 
with no decrease in the binding to low affinity sites. This suggests 
a possible role for histidine residues at or near the high affinity 
binding site for triethyltin. The intramolecularly pentacoordinate 
tin compound was able to compete with the high affinity sites however.
A tentative identification of the protein in rat liver supernatant 
which binds triethyl tin has been made, as the glutathione S-transferase 
group of enzymes (Chapter *f). These enzymes, which are able to bind a 
diverse selection of substrates, have been studied in detail by several 
groups of workers, and although the binding site has not been 
characterized, it has been proposed that one or more cysteine residues 
are present. It is therefore tempting to speculate that the triethyl tin 
binds to the transferase at or near the substrate binding site, and 
to a site very similar to that found in cat and rat haemoglobin. The 
possible use of triethyl tin to investigate the functions and mode of
action of these enzymes seems very plausible and exciting.
The binding to the high affinity site for triethyltin in the 
TX 100 fraction from rat liver mitochondria was reduced by treatment 
with diethylpyrocarbonate at pH 6 consistent with the involvement of 
histidine, but again the pentacoordinate tin compound was found to 
be able to compete with the high affinity site. The pattern ob­
served for the competition studies with the intramolecularly penta- 
coordinated tin compound for the brain and liver fractions has been 
the same, competition with the high affinity sites and no competition 
with the low affinity sites. This may be taken as a genuine result, 
indicating that the high affinity sites in these proteins do not 
involve pentacoordination of the triethyltin and possibly suggesting 
that the low affinity sites do, or it may be that the intramolecular 
pentacoordination is lost in these preparations, and that the compound 
behaves as the related diethylphenyltin bromide. Moessbauer spectro­
scopy may be able to help distinguish these possibilities since the 
values of the quadrupole splitting and isomer shift for the intra­
molecularly pentacoordinate compound are typical of an axially liganded 
trigonal bipyramidal tin. If these parameters were found to change in 
the protein solution, it would be good evidence for loss of the intra­
molecular pentacoordination. Direct analysis of the triethyltin 
complexes of the myelin and liver fractions by Moessbauer spectroscopy 
as performed on cat haemoglobin has not been possible as 1116 concen­
tration of triethyltin that would need to be added to the protein to 
obtain a decent spectrum would mean that a substantial amount would be 
bound to the low affinity as well as to the high affinity sites. This 
would make any interpretation of the spectrum very difficult.
Recent work by Griffiths et al., (1977) appears to support the
hypothesis that the triethyltin binding site in liver mitochondria is 
similar to that in cat and rat haemoglobin. They have shown that 
dibutylchloromethyltin competes with triethyltin for a binding site 
on the purified oligomycin sensitive ATPase from rat liver mito­
chondria. The dibutylchloromethyltin was also shown to have a 
selectivity for dithiol groupings and to be bound to a dithiol group 
on the ATPase. Dibutylchloromethyltin has, during the present study, 
been shown to be able to compete (on the basis of similarity of 
structure) with triethyltin for the binding sites on untreated cat 
haemoglobin (K = 1.33 ± 0.22 (5) x 10^ IT1 in 0.1 M KH^PO^ at pH 7.3).
Although triethyltin has now been shown to exert its effects on 
mitochondrial function in three distinct ways, there are still 
observations specifically attributable to the binding effect and 
triethyltin is still important as a tool for studying the mechanism 
of oxidative phosphorylation.
It has been proposed that triethyltin binds to cat and rat 
haemoglobin in three different ways
i) to two binding sites each consisting of a histidine and cysteine 
residue, present on untreated haemoglobin. Both sites are lost 
after treatment with diethylpyrocarbonate at pH 6 or 8, iodo- 
acetamide, phenylmercuric acetate and photooxidationj
ii) to a single diethylpyrocarbonate (pH 6) insensitive site 
consisting of the two cysteine residues in (i) above. This site 
may only be occupied by triethyltin when the histidine residues in
(i) have been modified. Treatment with diethylpyrocarbonate at pH 8 
removes this site on rat, but not cat haemoglobin;
iii) to two binding sites of an unknown chemical nature, which
are only observed following treatment with diethylpyrocarbonate 
at pH 8.
Hie chemical nature of two of these sites has been discussed 
(i & ii), together with the possibility that they may be common to 
the biological proteins to which triethyltin binds with an affinity
*5 6 _i
of 10 - 10 M . Although the creation and nature of the binding
sites for triethyltin on cat and rat haemoglobins following treatment 
with diethylpyrocarbonate at pH 8 is very interesting, their low 
affinity and peculiar circumstances of formation suggest that they 
may not be relevant to the other potentially biologically active 
proteins to which triethyltin binds.
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A P P E N D I C E S
APPENDIX A
Purification of a sample containing di-t tri- and tetraethyltin
During the course of study, radiolabelled triethyl^ %n]tin 
chloride was received which was subsequently found to be impure, the 
major contaminant (80$) being a very lipophilic species presumed to 
be tetraethyltin (this was later confirmed by the suppliers)• A 
simple method for the separation of a mixture of diethyltin, triethyltin 
and tetraethyltin into the constituent compounds was developed, and 
certain relevant details concerning the analysis and purification 
are given below.
Diethyltin and triethyltin may be conveniently assayed at low 
levels (5 - 20 jig) by a spectrophotometric method based on the colour 
change produced by the compounds with dithizone (Aldridge & Cremer,
1957).
Another simple estimation specifically relevant to radiolabelled 
material and also applicable to tetraethyltin was found to be the 
repeated extraction of the sample contained in aqueous medium (at 
neutral pH), with benzene. This may simply be done in stoppered glass 
tubes on a 'whirlimix' mixer. Under these conditions diethyltin and 
tetraethyltin were found to distribute almost infinitely in favour 
of the aqueous and benzene layers respectively, and the triethyltin 
was found to partition between the two, to a degree governed exactly by 
conditions of pH and buffer (at neutral pH the ratio benzene:water was 
approximately i:3)• Ihe ratio of the counts in the benzene layer to 
counts in the aqueous layer will therefore remain constant, or either 
increase or decrease on repeated extraction depending on whether the
sample is pure or contaminated triethyltin, A comparison of the counts 
left in the contaminated medium after exhaustive extraction (in 
practice only 3 - 5  extractions are usually necessary) compared with 
the counts added, allows an estimation of the percentage impurity 
present.
The distribution of triethyltin between aqueous medium and 
chloroform depends markedly on the pH, since triethyltin can exist 
as a cation at acid pH or as a lipophilic species at alkaline pH 
(pK = 6,8; Tobias, I966), This distribution has previously been 
utilised by Aldridge and Gremer for the separation of diethyl tin from 
triethyltin in the estimation with dithizone. The extraction procedure 
given below, is one of general applicability for the purification of 
triethyltin from both tetraethyltin and diethyltin contaminants.
METHOD
1. Radioactive alkyltin (l cnP) transferred to a 1 dm^ separating 
funnel with 25 ciP borate-EDTA buffer pH 8,4 (sodium borate, 49.8 mM; 
boric acid, 0.194 M; disodium EDTA, 6.7 mM).
2. GHCl^ (25 ciP) added + magnetic flea, and the mixture stirred 
(30 min) with funnel on its side.
33. GHCl^ layer run off into a second 1 dm separating funnel and a 
further aliquot GHCl^ (25 cm^) added to remaining aqueous
and re-stirred (30 min).
4. CHGl^ layer combined with previous and HNO^ (10 cm^) added 
and stirred (60 min).
5. CHCiyrun off, and aqueous washed with fresh CHCl^ (2 x 10 cm^).
6. HNO^ run off into stoppered tube.
Rationale:
1. CHCl^ extraction of aqueous (pH 8.4) removes SnEt^ and SnEt^, 
leaving SnEt^ behind (Aldridge & Greiner, 1957) •
2. Extraction with HNO^ removes SnEt^, leaving SnEt^ behind. 
Quantitative removal of SnEt^ depends on there being sufficient 
NO^ to complex the SnEt^ present on a 1:1 basis.
Purity:
Purity may be estimated by the dithizone method or by repeated 
extraction as described above.
The effect of a radiolabelled impurity on the observed triethyltin 
binding to proteins
It is interesting to consider the effect of contaminated 
radiolabelled triethyl[^%n]tin on the Scatchard plots for the binding 
of triethyltin to proteins. Two examples have been chosen: i) for
cat haemoglobin, where the Scatchard plot has been altered to allow 
for the presence of various amounts (10 - 20$) of a radiolabelled 
contaminent assumed to distribute equally in the dialysis experiment, 
with no affinity for the haemoglobin; ii) for myelin, where the 
Scatchard plot has been altered to allow for 5% of a radiolabelled 
contaminent assumed to distribute totally in favour of the myelin pellet. 
The behaviour assumed above, is that which might be expected for 
diethyl tin with cat haemoglobin and tetraethyl tin with rat brain myelin.
The results, presented in Figure AA.l, show that the effect on 
the Scatchard plot produced with cat haemoglobin is quite a small 
change in the observed affinity constant, with no change in the number
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Figure AA.1 Effect of radiolabelled impurity on the Scatchard plot for 
triethyltin binding to cat haemoglobin and rat brain myelin
B = bound triethyltin (mol/mol of haemoglobin or nmol/mg protein),
F = free triethyltin (pM). A. Triethyltin binding to rat brain myelin #  , 
the same data as above corrected ("purified") to allow for a hypothetical 
5$ of radiolabelled material going into the myelin pellet ■ .
B. Triethyltin binding to cat haemoglobin #  , the same data as above 
corrected ("purified") to allow for a hypothetical 10$ ■ , and 20$ □ , 
of radiolabelled material distributing equally across the dialysis sac, 
but not interacting with the haemoglobin.
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of triethyltin binding sites. The effect on the observed triethyltin 
binding to myelin however, is much more marked, and would give rise 
to significant changes in the parameters for both high and low 
affinity sites.
This impure material was not used for any of the studies reported 
in this thesis.
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APPENDIX B
Derivation of some equations describing the binding of a ligand to a 
macromolecule and their graphical representation
The interaction of a ligand with a macromolecule may be 
conveniently described in terms of the number or concentration of 
sites and their corresponding affinity (association) constants.
If we consider the binding of a ligand (L) to a macromolecule (M) 
such that
then the association constant for this equilibrium may be written
If the fraction of sites on M which are occupied by L is called B, 
then
(i)
(2)
The fraction (a) of the sites available on M which are unoccupied 
by L is
a [Ml (3)
[M] + [ML]
1
W
A
from (2) a = ---- =-=:
1 + K[L] (5)
B = 1 -  a (6)
(7)
22k
K[Ln , .
or B = —  p—=r \o;
1 + K[L]
and if M contains N equivalent and non-interacting sites for L, then
„ N K [Li , .
B «=■-----S-4r (9)i+K [L ]
More generally, when M contains several non-interacting sites, with 
their own affinity constants,
k.k-Cl] njcJ l]
B “ 1 + K± [L] + 1 + K2Cl] + .... (10)
In order to determine the desired parameters N and K, binding 
experiments are usually performed to measure the amount of ligand 
bound to the macromolecule and the corresponding free ligand concen­
tration. Equation (9) is then manipulated to a form convenient for 
obtaining N and K, usually by graphical means; e.g. solving (9) 
for [L], we obtain
B
N - B K[L] (11)
However, even for the most simple case of a single class of sites, a 
plot of B against [l] takes the form of a rectangular hyperbola, with 
B = 0 as [L] *=0. An estimate of the binding parameters may be made
since as [l] becomes very large, B approaches N; and an approximate
N 1value of K may be obtained when B = since [l] «= K~ , although these
values will clearly not be very accurate. Detection of more than one
class of binding site (which may be due to chemically different sites,
interactions between sites (Rose, 19^9; Erdmann et al., 1976) or changes
of the conformation of some of the binding sites (Hinman & Gann, 1976))
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by this method is difficult, and the determination of N and K is 
practically impossible.
There have been several rearrangements of equation (9) to 
yield linear plots:
(i) Scatchard plot (Scatchard, 19^9)
B■=—=■ against B
LL J
(ii) Klotz, or double reciprocal plot (Klotz, 19^6)
B " NK [l] + N V  Pl0t B aeainst
(iii) Scott, or half reciprocal plot (Scott, 1956)
^  + M  • pl0t ^  against [l]
A comparison of these three plots for their use in the analysis of data 
from a system with more than one class of binding site (dicumarol - 
albumin and fenoprufen - albumin interactions) and a discussion of the 
errors inherent in the plots and involved in their fitting by computer 
programme, has been clearly and succinctly reported by Vallner et al., 
(1976). The Scatchard plot was clearly the most useful graphical 
representation of data for the determination of the heterogeneity of 
the binding sites, and the evaluation of the parameters N (from the 
X-axis intercept) and K (from the slope). The usefulness of the 
Scatchard plot for the analysis of the interaction of triethyltin 
with proteins has already been confirmed (Rose & Lock, 1970j 
Aldridge & Street, 197.0; Lock & Aldridge, 1975). All the data presented
= KN - KB plot
in this thesis has therefore been analysed using Scatchard plots.
The data for the interaction of triethyltin with haemoglobin, with 
a single class of sites, was fitted by eye, that for the interaction 
of triethyltin with myelin, rat liver supernatant, and the mito­
chondrial fraction from rat liver, was fitted by eye by the method 
of successive approximations, using a Wang 2200; and the data for the 
effect of diethylpyrocarbonate on triethyltin binding to myelin and 
the fraction from liver mitochondria was analysed by a statistical 
least mean squares fit as described by Priore and Rosenthal (1976), 
modified to incorporate the simplex method of function minimisation 
(Nelder & Mead, I965)•
227
APPENDIX G
Calculation of affinity constants from competitive binding studies
At a late stage during the course of study, it was discovered 
that the method used to analyse a Scatchard plot constructed from 
data for a ligand - macromolecule interaction in the presence of a 
competitor, to ohtain a value for the affinity of the competitor for 
the macromolecule, was incorrect (W.N. Aldridge, personal communication). 
The analysis depended on measuring the affinity of the ligand for the 
macromolecule both with and without competitor present; the equations 
then used to derive the affinity constant for the competitor from 
these measured values were as given by Lock (197*0 and Lock and 
Aldridge (1975).
The fundamental equation describing the binding of a ligand to 
a macromolecule in the presence of a competitor will be derived here, 
and the correct use of its application to obtain the affinity for the 
competitor will be discussed.
Consider the binding of a small molecule A to a macromolecule M 
(with one binding site per molecule),
(i)
A + M MA
then the affinity constant of A for M, (Ka ) «=
[MA]
A ' M W
similarly, the binding of a small competing molecule B
B + M MB
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and. K_ = (2)
^  M  [B]
Now, let the number of moles of A bound per mole of macromolecule «= R.
R _  [ » ] _  .  [ » £ _ ----  (3)
Wtotal W  + C«A] + C«B]
substituting for [MA] and [MB] from (i) and (2):
KaM  [a]
R ~ M  + Ka [m ] [A] + KgtM] [B]
K‘[A] (5)1 + K [A] + K^B]
For the case of N independent, non-interacting sites of equal affinity 
on the macromolecule,
® AW
R c (6) i + Ka[A] + KgCB]
or T
rnAi ka M
M 1 + Ka [a] + Kg[B]
where = total concentration of binding sites, 
since Tm = R[M]to^al
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Now, in an experiment to measure the binding of A to M in the presence 
of B, the competitor (B) may be added:
i) at a constant concentration,
ii) so that the ratio [Bl^tal s
Both of these cases will now be considered, and the general equation 
(equation (6)) will be formulated as for a Scatchard plot (Appendix B) 
so that the observed N and K values in the presence of a competitor 
may be seen.
i) M-total = constant
1 + KA[A] + Kg[B]
R + EKA[A] + RK^Bj = NKA[A] 
R + HKjCB] = NKA[A] - RKA[A] 
R(1 + Kg[B]) = [A](HKA - RKa)
H ^ A  * ^ A
M  1+KgtB]
R M A ^ A
[A] 1 + KgCB] 1 + Kgp]
(7)
(8)
RA Scatchard plot of against R then gives an imaltered x-axis inter-
R KAcept when =0, (N , ) of N, but a slope (-K , ) of -
[A] obs obs j_ + Kg[B]
In the past, Kg has been evaluated by using in the above
expression for K • It is now clear, however, that the correct 
value is [b], which is the free, unbound concentration of B. Ihis is 
not usually measured.
U )  Mtotal ' M total = constant.
■ hka[a]
1 + Ka [a] + Kg[B]
R + RKA[A] + HKgtB] = NKa [A]
R = HKA[A] - RKA[A] - RK^B]
R M-2= = UK. - RK. - RKj=-4 
[A] A A "B[A]
J L  - NKA - R(KA + ) (9)
A Scatchard plot of 7— r against R, then gives an x-axis intercept
LA J
R NJCA
when y ~=; = 0 , (N -^ ) of  rg-T , a y-axis intercept when R = 0,
of NKa, and a slope (-Kobfj) of -(Ka + ).
^ [ A ]
Again, in the past, Kg has been calculated from the above expression 
for W  incorrectly usins CB]total a n d  . M t o t a l *
It is therefore apparent that from these two methods,'K ^g, 
the slope of the Scatchard plot, is a function of either free B, 
or "both free B and free A concentrations. It was considered important 
to try to determine the actual effect of the [b] term in equations 
(8) and (9) on the Scatchard plot.
Manipulation of the equations describing the binding of a 
ligand to a macromolecule in the presence of a competitor, in fact 
allows the calculation of the bound and free competitor concentrations 
from the measured bound and free ligand concentrations (Tipping et al.,
1976). These values may then be used to determine the affinity constant
for the competitor with the macromolecule.
The equations may be most simply derived as follows:
[MB] = Th - [MA] - [M] (10)
where T^ = total concentration of binding sites, 
and [M] = free concentration of binding sites.
from (i), [M] = - 
K
therefore [MBl = Tm - [MAI - ■ j  (11)
M ka [a ]
This allows the calculation of bound B from measured values of bound A 
and free A, and the knowledge of the values of and T^ (obtained 
from previous studies of A alone).
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Then, using Qb],'total = [MB] + [B] (12)
[b](free B) may Be calculated.
From equations (1) and (2)
V  = M M  
ka ' M b ]
(13)
and Kg may be determined.
In theory, Kg may be calculated from any measured values of bound 
and free A in the presence of B, but in practice the reliability of 
such a calculation will be limited by the ability to distinguish 
between Kg values with the accuracy of the experimental data obtained.
In order to investigate the effect of different Kg values on the 
Scatchard plot for A (measured in the presence of B), a value of
[MA] , bound^  ^ has been held constant and the value of [MAl altered 
m  v free A _j ■ ■
and the corresponding value of Kg (calculated as described above) noted. 
Data were generated using a Wang 2200 system with parameters as close 
as possible to the case of triethyltin binding to cat haemoglobin 
(K^ = ^ x 10^ M \  N = 2, Kl-fco-tap = 2 x 10 ^M), for the situations
The results are presented in Figures AC.l, 2 and 3»
It is clear from Figures AC.l and 2, that depending on the 
relationship of K^ to T^ (the total concentration of binding sites), 
there are limits as to the resolving power of the Scatchard plot for
T^, the observed Scatchard plot would be essentially the same for
of both constant [a ]. ratio and constant [b ]'total The
different values of Kg. From Figure AC.IB, where is much less than
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1.0 2.0 3.0 4.00
[MA] (x 10-5)
!•< x
lax
1.0 2.0 3.0 4.01.0 2.0 3.0 4.0 00
[MA] (x 105) [MA] (x 105)
Figure AC.l Simulated Scatchard plots for ligand binding to macro­
molecule in the presence of a competitor i) constant  ^
competitor : ligand total concentration ratio (1ilV
[MA] = bound ligand (M), [a ] = free ligand (M). The parameters used werei
total concentration of binding sites (T„) = 4 x 10"^ M, affinity constant
li> 1 f\ 1
of ligand for macromolecule (K.) = 4 x 10 M~ , A; 4 x 10 M~ , B;
2 —1 * ■
4 x 10 M~ , C. The points ( • ) are for the case when the affinity of
the competitor (Kg) = K^. When Kg = 0, the line with the x-axis intercept
= T^ is obtained. Values of [MA]/[A] have been held constant and [MA]
varied, the corresponding value of Kg has then been determined (see Text).
The crosses indicate when Kg varies from K^ by a factor of 10 (for [MA]
greater than the value at • , 10; for [MA] less than the value at • ,
K^ x 10), and the vertical bar represents a limit of [MA], below which
no +ve value of Kg may be determined (Kg approaches «*> as [MA] approaches
the vertical bar).
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[MA]
[A]
0.8
0.4
1.0 2.0 3.0 4.00
[MA] (x 10^)
- P < #
0.4
1.0 2.0 3.0 4.00
1.6
1.2
0.8
0.4
1.0 2.0 3.0 4.00
[MA] (x 10-5) [MA] (x 10-5)
Figure AG.2 Simulated Scatchard plots for ligand binding to
macromolecule in the presence of a competitor ii) constant 
competitor : ligand total concentration ratio (1:1, 3:1,1:3)
. 4 - 1Legend as for Figure AC.l, but = 4 x 10 M throughout.
Competitor : ligand total concentration ratio =1:1, A; 3 si * B;
1:3, C.
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Figure AC.3 Simulated Scatchard plots for ligand binding to macro- 
molecule in the presence of a competitor iii) constant 
competitor concentration
[MA] = bound ligand (M) , [a ] = free ligand (M). The parameters used were *
total concentration of binding sites (Tm) = 4 x 10 ^ M, affinity constant
4 —1of ligand for macromolecule (K.) = 4.x 10 M” , total competitor concen­
tration 1 x 10 ^ M, A; 3 x 10”* Mf Bj 8 x'10"^ M, C. The points ( •) are 
for the case where the affinity of the competitor (Kg) = K^. When 
Kg = 0, the straight line with the x-axis intercept = T^ is obtained. 
Values of [MA] have been held constant ( • ) and [ma]/[a ] varied, the 
corresponding value of Kg has then been determined (see Text). The 
crosses indicate when Kg varies from K^ by a factor of 10 (for [MA]/[A] 
greater than the value at • , K^ -f- 10; for [MA]/[a ] less than the value 
at • , K^ x 10) and the horizontal bar represents a limit of [MA]/[A] 
below which no +ve value of Kg may be determined (Kg approaches as B 
approaches the horizontal bar).
values of Kg from 0.1 to 1000 times K^. In practice however, binding 
experiments are usually performed (and have been in this study)
with ~ approximately equal to T„. Under these conditions (Fig. AC.1A), 
KA M
the ability of the Scatchard plot to reflect changes in'Kg is fair, 
especially when the available binding sites are largely occupied by 
A (i.e. at lower values, when [a ] ^ ^ ^  is approximately equal
to or greater than T^). Altering the ratio of [b] ^ ^  : [ A ] ^ ^
from 1 si to 3:1 or 1:3 does not improve the resolving power of the 
Scatchard plot for Kg in the latter case, but with the former (3*1)» 
a slight increase in the resolving power for Kg less than K^ is seen. 
Identical plots are obtained to Figure AC.1A, if is varied (from
-3 -9 \ 14 x 10 b  4 x 10 M) as long as the ratio ^ remains constant.
A
The observed x-axis intercept for different values of K_ relativea
to K^ may be seen in equation (9).
An essentially similar' pattern is observed with constant 
[B^totai AC.3). In this instance however, by altering
A
relative to T^ , we can (when is approximately equal to T^) increase
A
the resolving power of the Scatchard plot for Kg, especially if Kg is
0.1 to 100 times K^«
The resolving power of the Scatchard plot for Kg seems to be 
greatest when ^eld constant. From Figure AC.3 it is clear
that it would be relatively simple to assess whether Kg for an unknown
compound was equal to, much greater than or much less than K^ by 
constructing Scatchard plots (a few chosen points) at different [b ] 
values relative to T„, and observing the change in  ^for a
" W
given [MA] value. It may be noted that Kg may be best obtained from
calculations using the data for each individual measured value of
total
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bound and free A (with equations (ii), (12) and (13)) rather than from 
attempting to extrapolate the Scatchard plot to either axis. The 
Scatchard plot therefore becomes a visual representation of the 
data only.
Some basic guidelines for the determination of. Kg from competition 
experiments may therefore be formulated:
i) for constant [b] ^ ^  : ratio:
1Use T^ approximately equal to ^ .
r  -I r  - l  [MA] «KA
Obtain values for [_MAJ and |_AJ where — j— is less than -jr"?
and calculate Kg for each experimental observation.
ii) for constant (generally more useful than i) above:
1
Use T^ approximately equal to ^
A
T
Use a range of [bI^^-j. ^rom approximately jp to k
rn
Obtain values for [MA] and [A] where [MA] is less than —
and calculate Kg for each experimental observation.
The competition experiments in this study were performed for 
constant [ b ] ^ ^  ' Mtotal ra^ios» with ^ approximately equal to TM»
From Figure AG.l, these should enable an estimate of Kg. Values of 
Kg have therefore been determined (from equations (11), (12) and (13)) 
for each experimental observation when was approaching, or
in excess of T^, The mean value was then calculated and has been given 
with the standard deviation, which may be taken as an indication of 
the reliability of the mean value.
It appears that the distinction between a competitive and a 
non-competitive compound (B) could not in practice be made from 
examination of the Scatchard plots (Figs. AG.l, 2 & 3)• In the case
obs*
this may however be difficult to distinguish from the plot for a 
competitive compound, where the curve tends gradually to N. The 
distinction could therefore only be made at very low values. For
LA J
the studies presented in this thesis, the basis for competitive inter­
actions with the triethyltin binding site on the macromolecule rests 
on the similarity of the structure of the added compounds to 
triethyltin.
With the above knowledge, experiments may now be performed to 
determine the affinity constants of the competing compounds more 
accurately, and the values given here should be regarded as approximate 
values. The interpretation of data from competition studies with a 
macromolecule containing more than one class of binding site (i.e. a 
curved Scatchard plot for A alone) has not been attempted and requires 
further investigation.
of constant > a non-competitive compound would lower N
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Binding of Triethyltin to Cat Haemoglobin and Modification of the Binding Sites
by Diethyl Pyrocarbonate
By BARRY M. ELLIOTT and W. N . ALDRIDGE
Molecular Toxicology Section, Toxicology Unit, Medical Research Council Laboratories, 
Woodmansterne Road, Carshalton, Surrey S M 5 4EF, U.K.
CReceived 21 December 1976)
Cat haemoglobin binds 2 mol of triethyltin/mol of haemoglobin. Pretreatment of the 
haemoglobin with diethyl pyrocarbonate at pH 6.0 prevents binding to one site only, 
whereas photo-oxidation with Methylene Blue removes both sites. Pretreatment of rat 
haemoglobin with diethyl pyrocarbonate also leads to the loss of one binding site. The 
possibility is discussed that the two binding sites for triefhyltin on both cat and rat haemo­
globin have a different chemical nature.
Triethyltin binds to mitochondria from rat liver and 
brown adipose tissue (Aldridge & Street, 1970) and 
to a limited number of tissue proteins: rat haemo­
globin (Rose, 1969), myelin from the rat central 
nervous system (Lock & Aldridge, 1975) and a 
soluble fraction from the cytosol o f rat and guinea- 
pig liver (Rose & Lock, 1970). In contrast, triethyltin 
has little affinity for other proteins, including some 
haemoglobins (Rose & Aldridge, 1968).
Trialkyltin salts are known to inhibit mitochon­
drial function in three mechanistically different 
ways (Selwyn et al., 1970; Rose & Aldridge, 1972; 
Aldridge, 1977), one of which involves binding of the 
tin compound to a component of the energy-con- 
servation system. Since the chemistry of the energy- 
conservation system is not understood, it is clearly of 
interest to establish the chemical basis of the affinity 
of triethyltin for proteins.
Rose (1969) proposed that the binding site in rat 
haemoglobin consists o f a pair of histidine residues. 
The low solubility of rat haemoglobin has restricted 
further work, and in the present paper the more 
soluble cat haemoglobin is shown to bind triethyltin. 
Pretreatment of cat haemoglobin with diethyl pyro­
carbonate (ethoxyformic anhydride), as a specific 
reagent for histidine, has been investigated and the 
results show that the two sites are different.
Materials and Methods
Materials
Triethyltin sulphate was prepared from triethyltin 
hydroxide, supplied by the Tin Research Institute, 
Greenford, Middx., U .K ., as described by Aldridge 
& Cremer (1955). Triethyl[113Sn]tin chloride (8.6mCi/ 
mmol) was purchased from The Radiochemical 
Centre, Amersham, Bucks., U.K ., and stored as a 
lOOmM stock solution in ethanol. This was used in
the binding studies undiluted or diluted with un­
labelled triethyltin sulphate. Synacthen, a pure 
synthetic polypeptide comprising the first 24 amino 
acid residues of human adrenocorticotropin, was the 
gift of Dr. D . Elliott of C.I.B.A., Horsham, Sussex, 
U.K. Triethyl- and tripropyl-lead acetate were 
purchased from Alfa Chemicals, Beverley, MA, 
U .S.A .; TV^-acetylhistidine and diethyl pyrocarbonate 
were from Sigma Chemical Co., St. Louis, MO, 
U.S.A.; diethyl pyrocarbonate, FeCl3 solution (a 
standard solution for atomic absorption spectro­
scopy) and all other chemicals were from BDH  
Chemicals, Poole, Dorset, U.K.
Cat and rat haemoglobins were prepared by lysing 
in an equal volume of water erythrocytes that had 
been previously washed three times with 0.9 % NaCl. 
The stroma and intact cells were removed by 
centrifugation at approx. 10000g for 15min. The 
lysate (2-3 mM-haemoglobin) was left at 4°C and 
crystals of oxyhaemoglobin were allowed to form 
over several weeks. These were rinsed once in cold 
water, dissolved in 0.1m-KH2PO4 adjusted with 
NaOH to pH 6.0 and stored at 4°C.
Methods
Equilibrium dialysis (triethyltin concentrations 
5-100//m ), measurement of the triethyl [113Sn]tin and 
the photo-oxidation of the haemoglobin were carried 
out as described by Rose (1969).
The purity of the diethyl pyrocarbonate was 
estimated by standardization against A “-acetyl- 
histidine (Holbrook & Ingram, 1973) and found to 
be 80-85 % pure. Since one of the batches of diethyl­
pyrocarbonate was inactive, the above assessment of 
purity should always be carried out.
Reaction o f  diethyl pyrocarbonate with haemo­
globin. Diethyl pyrocarbonate (5mM final concn.; 
freshly prepared in acetonitrile or ethanol) was added 
to the haemoglobin (20 ^ m) in 0.1m-KH2PO4
Vol. 163
584 B. M. ELLIOTT AND W. N. ALDRIDGE
adjusted to pH 6.0 with NaOH. The volumes of the 
two solutions were such that the concentration of 
organic solvent was less than 1 % (v/v). After incuba­
tion at 20-22°C for the required time the reaction was 
stopped by the addition of imidazole to 10mM and the 
pH adjusted to 7.3. This, together with a control 
solution containing the same concentrations of 
imidazole and solvent, was used for the dialysis 
experiments.
Spectrophotometric determination o f  ethoxy- 
carbonylhistidine. The reaction of diethyl pyro­
carbonate with haemoglobin in 0.1m-KH2PO4 at 
pH 6.0 was followed spectrophotometrically at 
240 nm (Ovadi et al., 1967) on a Pye-Unicam SP. 1800 
recording spectrophotometer. Before the addition of 
diethyl pyrocarbonate to the test cuvette an 
equivalent volume of solvent was added to the 
reference cuvette.
Determination o f  the molar extinction coefficient 
for oxyhaemoglobin solutions. The concentrations of 
oxyhaemoglobin solutions were derived from their 
Asm by using a molar extinction coefficient based on 
iron determination, by using 1,10-phenanthrolinefor 
bivalent iron, the latter being liberated from the 
haemoglobin by digestion with HC104/H 2S 0 4 
followed by reduction with hydroxylamine.
Results
Binding o f  triethyltin to cat haemoglobin
Extinction coefficients for human, rat and cat 
haemoglobin have been determined (Table 1). That 
for human haemoglobin agrees with published 
values, but that for rat does not. Also, the values for 
these three species are not the same.
Scatchard (1949) analysis o f the binding of tri­
ethyltin to cat haemoglobin is in Fig. 1. The plot is 
linear, indicating a single class o f site with an affinity 
constant of 3.5x 104m -1. The number of binding 
sites per molecule of haemoglobin is 2.0. The pre­
viously published value of 2.2 for rat haemoglobin 
(Rose, 1969) also becomes 2.0 when the correct molar
extinction coefficient for rat haemoglobin is used 
(cf. Table 1). The affinity constant for triethyltin and 
cat haemoglobin (3.5x 104m -1) is lower than the 
published value for rat haemoglobin (3.2x 105m -1; 
Rose, 1969). This difference is mainly due to the 
complexing of triethyltin by phosphate (Rose, 1969). 
Other experiments indicate that the affinity constant 
for triethyltin and cat haemoglobin determined in
O.lM-Tris/HCl buffer, p H 8, is 1.0x 105m -1.
Molar extinction coefficient for ethoxycarbonylhisti- 
dine
Values of 3200m -1-cm-1 (Ovadi et al., 1967) and 
3600m -1-cm-1 (Holbrook & Ingram, 1973) derived 
from the reaction of diethyl pyrocarbonate with 
V “-acetylhistidine have frequently been used for the
0.08
j? 0.06
—  0.02
0 2.01.0
Bound triethyltin 
(mol/mol of haemoglobin)
Fig. 1. Binding of triethyltin to cat haemoglobin 
The results of two identical experiments ( • ,  A) are 
plotted using a molar extinction coefficient of 
4.84xl04M-1-cm-1 for cat haemoglobin: the
number of binding sites per molecule of haemo­
globin («) is 2.0 and the affinity constant K  is 3.5 x 
104m -1 in phosphate buffer.
Table l. Molar extinction coefficients for haemoglobin solutions 
Values are given ± s.d . for the numbers of observations in parentheses where available. The absorbance of carboxy- 
and oxy-haemoglobin solution is the same at 537 and 540nm respectively.
Wavelength
Species Haemoglobin (nm) 10-4xe (M-1-cm-1) Reference
Human Carboxy- 538 5.96 Allison & Cecil (1958)
Oxy-
Oxy-
540
540
5.721
5.84/ Van Assendelft & Zijlstra (1975)
Oxy- 540 5.83 + 0.07(5) Present paper
Rat Carboxy- 537 5.96 Rose (1969)
Oxy- 540 5.34±0.18 (9) Present paper
Cat Oxy- 540 4.84±0.27 (12) Present paper
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Table 2. Molar extinction coefficients for ethoxycarbonyl derivatives 
The maximum and minimum values of s at 240nm (with the s.d . and number of readings) are given with the time when 
measured. Concentrations of reactants are as in Fig. 2.
£(max.)(M ••cm X) t (min) £(min.)(M-1-Cm-1) t (min)
Imidazole 7680 ±282 (3) 7 3930+ 80(3) 45
A^-Acetylhistidine 42504- 89(4) 12 3710+132(4) 60
L-Histidine 3780+111 (4) 16 3540+111 (4) 100
L-His-L-Tyr 4250+117(2) 11 3680+ 78(2) 65
Synacthen 3570+ 47(3) 13 3390+ 37(3) 50
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Fig. 2. Dependence of the molar extinction coefficient of 
ethoxycarbonyl derivatives on time of reaction 
Reaction of diethyl pyrocarbonate (5mM) with 
imidazole (1), iV^-acetylhistidine (2) and Synacthen 
(3) (0.035-0.2mM). The curves represent the mean of 
three recorded spectra. The s values (Table 2) are 
derived from the maximum and plateau regions.
determination of the number of histidine residues in 
proteins. More recently a value of 3720m -1 • cm-1 has 
been obtained for the dipeptide His-Tyr (York & 
Roberts, 1976).
In the present work, however, the molar extinction 
coefficients for the products of the reaction of 
diethyl pyrocarbonate with imidazole and other 
model compounds, including the synthetic peptide 
Synacthen, were found to vary considerably (Table 2) 
and, in some cases, to change with time (Fig. 2). The 
reaction of diethyl pyrocarbonate with various 
imidazole derivatives is therefore not straight­
forward, a conclusion that is supported by the 
observation that reactions secondary to the forma­
tion of monoethoxycarbonylhistidine from N a- 
acetylhistidine occur in the presence of excess of 
diethyl pyrocarbonate (Avaeva & Krasnova, 1975).
From the limited number of compounds examined 
it appears that the reaction may be more straight­
forward the greater the molecular weight. Conse­
quently the value of 3570m -1 • cm-1 (Table 2) has been
o. 10
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Fig. 3. Triethyltin binding to cat haemoglobin pretreated 
with diethyl pyrocarbonate 
Haemoglobin was pretreated for 1 (a), 2 (o) and 
5 (A)min, and for two consecutive treatments of 
15min (□); control+ imidazole ( • )  (see under 
‘Methods’).
used in the present paper to calculate the number of 
histidine residues in haemoglobin.
Tyrosine residues can be modified by diethyl 
pyrocarbonate in proteins with different reaction 
conditions (Burstein et al., 1974). Our experiments 
show that the A2So was always small (<3% of the 
A24o), indicating low reactivity of tyrosine residues 
in Synacthen and cat haemoglobin.
Modification o f cat haemoglobin by reaction with 
diethyl pyrocarbonate or photo-oxidation
Treatment of cat haemoglobin with diethyl pyro­
carbonate for increasing time-periods progressively 
decreases the number of triethyltin-binding sites 
per molecule to half (Fig. 3) after 5 min incubation, 
and incubation for longer times has no further effect.
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Fig. 4. Rate of loss of the diethyl pyrocarbonate-sensitive 
site compared with the rate of loss of histidine residues from 
cat haemoglobin 
Histidine residues calculated using e = 3570m -1 • cm-1 
were for ethoxycarbonylhistidine. Rates measured 
over the first 3'min were for loss of binding (•)  0.275 
min-1 and loss of histidine residues (O) 0.057min-1.
The affinity of the sites after incubation for 1 min is 
decreased to approximately half, but further incuba­
tion has little effect.
Diethyl pyrocarbonate decomposes in aqueous 
solution at different rates, depending on pH and 
buffer (Berger, 1975). Binding of triethyltin to cat 
haemoglobin after two consecutive incubations for 
15 min with diethyl pyrocarbonate (Fig. 3) indicates 
that the inability to remove more than one binding 
site is not due to breakdown of the diethyl pyro­
carbonate. Breakdown of the ethoxycarbonyl deriva­
tive is possible during the 17h dialysis period. How­
ever, incubation of cat haemoglobin with diethyl 
pyrocarbonate for 15 min, followed by storage of 
the haemoglobin at 4°C for 24 or 48 h before measure­
ment of triethyltin binding, gave results identical with 
those obtained when binding was measured immedi­
ately after incubation with diethyl pyrocarbonate 
(Fig. 3). Therefore unless such a breakdown from 
one site only occurs very rapidly, our experimental 
results cannot be caused by this re-activation.
The formation of ethoxycarbonylhistidine was 
measured spectrophotometrically at 240nm after 
reaction of cat haemoglobin with diethyl pyro­
carbonate, and the number of histidine residues 
modified after different times of incubation was 
calculated by using a molar extinction coefficient of 
3570m- 1 - cm-1. The results relating to total histidine 
are expressed in Fig. 4, along with the corresponding
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Fig. 5. Effect ofphoto-oxidation on binding of triethyltin to 
cat haemoglobin 
Haemoglobin with 0.01% Methylene Blue was 
exposed to light for 0 (□), 45 (•)  and 90 (o)min.
loss of binding of triethyltin to the diethyl pyro­
carbonate-sensitive site. The rate of loss o f binding is 
clearly greater than the rate of loss o f histidine 
residues, and values derived from the first 3min of 
reaction show the initial rate of loss o f binding to be 
approximately five times the initial rate of loss of 
histidine.
In contrast with the results obtained with diethyl 
pyrocarbonate, photo-oxidation of cat haemoglobin 
with 0.01 % Methylene Blue for periods up to 90min 
(Fig. 5) decreased the triethyltin-binding sites to 35 % 
of the control value. Both binding sites in cat haemo­
globin and rat haemoglobin (Rose, 1969) can there­
fore be destroyed by photo-oxidation. The rate of loss 
of binding is not the same for these two species of 
haemoglobin. This effect of photo-oxidation cannot be 
due to oxidation of the haemoglobin to ferrihaemo- 
globin, since this also binds triorganotins (Rose,
1969).
Modification o f  rat haemoglobin with diethyl pyro­
carbonate
Preincubation of rat haemoglobin with diethyl 
pyrocarbonate decreases the number of triethyltin- 
binding sites without changing their affinity (Fig. 6). 
Binding ability is lost at a slower rate than with cat 
haemoglobin (Fig. 3), and even after two consecutive 
30min incubations only approx. 50% of the sites are 
lost. Interpretation of the results of incubation for 
longer time-periods or with higher concentrations of
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Fig. 6. Triethyltin binding to rat haemoglobin pretreated 
with diethylpyrocarbonate 
Haemoglobin was pretreated for 1 (o), 7 (a) and 
45(A)min, and for two consecutive treatments of 
30min (□); control+ imidazole (•)  (see under 
‘Methods’). The derived affinity constant for the 
control was 3.8x104m-1.
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Fig. 7. Rate of loss of diethyl pyrocarbonate-sensitive site 
compared with the rate o f loss of histidine residues from rat 
haemoglobin
Histidine residues were calculated using e =  3570 
M_1-cm-1 for ethoxycarbonylhistidine. • ,  Loss of 
binding; o, loss of histidine.
diethyl pyrocarbonate is difficult, owing to the forma­
tion of a precipitate of modified haemoglobin.
The initial rate of loss of histidine residues in rat 
haemoglobin measured spectrophotometrically (Fig. 
7) is comparable with that in cat haemoglobin (Fig.
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Fig. 8. Effect o f tripropyl- and triethyl-lead on triethyltin 
binding to cat haemoglobin 
[Trialkyl-lead]/[triethyltin] =  1:1 and both com­
pounds were added simultaneously to the haemo­
globin. The different experiments are triethyltin 
alone (•), triethyltin and tri-n-propyl-lead (o) and 
triethyltin and triethyl-lead (a).
4). Fig. 7 shows that, in contrast with cat haemo­
globin, the initial rate o f loss of triethyltin binding to 
the diethyl pyrocarbonate-sensitive site in rat haemo­
globin is similar to the initial rate of loss o f total 
histidine.
Competition with triethyltin by triethyl- and tripropyl- 
lead for cat haemoglobin
Triethyl- and tripropyl-lead compete effectively 
with triethyltin for the binding sites on cat haemo­
globin (Fig. 8). Triethyltin binding still occurs in the 
presence of equimolar concentrations o f trialkyl-lead, 
with an apparent affinity constant for triethyl-lead of 
9.9x 104m -1, and for tripropyl-lead of 3.6x 104m -1 
(Lock & Aldridge, 1975). Triethyltin binding to cat 
haemoglobin may be almost prevented by concentra­
tions of trialkyl-lead ten times higher than of tri­
ethyltin; thus both triethyl- and tripropyl-lead have 
access to both triethyltin-binding sites.
Discussion
Triethyltin binds to a limited number of proteins, 
which suggests that the binding is due to the three- 
dimensional structure of the protein rather than to a 
single chemical group. Trialkyltin compounds form 
penta-co-ordinate complexes with certain donor 
ligands (Luijten et al., 1962; Poller, 1965) and it. 
seems likely that such penta-co-ordination of tin
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between two groups with a defined spatial relation­
ship is involved in the selective binding of triethyltin 
to certain proteins.
Two molecules of triethyltin bind to one molecule 
of cat haemoglobin (Fig. 1) with an affinity constant 
similar to that for rat haemoglobin (Rose, 1969). The 
number of binding sites for triethyltin on rat haemo­
globin is now 2.0 per molecule when the correct molar 
extinction coefficient for rat oxyhaemoglobin is used 
(Table 1). Therefore there is no need to postulate 
co-operativity (Rose, 1969) between the two sites.
The higher affinity of triethyl-lead for the tri- 
ethyltin-binding site in haemoglobin and other proteins 
(Fig. 8; Lock & Aldridge, 1975) is consistent with the 
greater capacity of triorganoleads to form penta-co- 
ordinate complexes. Previous attempts to determine 
the chemical identity of the binding site were based on 
photo-oxidation studies (Rose, 1969; Rose & Lock,
1970); both sites were affected and the loss of binding 
could be correlated with a loss of bulk histidine 
residues. The pH-dependence of the binding to rat 
haemoglobin (Rose, 1969) and the characterization 
of penta-co-ordinate trialkyltin-imidazole com­
plexes (Luijten et al., 1962) supported the hypothesis 
that each of the two binding sites consisted of two 
histidine residues (Rose, 1969). Photo-oxidation of 
cat haemoglobin (Fig. 5) also removes both binding 
sites. However, after diethyl pyrocarbonate pre­
treatment of both cat and rat haemoglobins (Figs. 3 
and 6) only one of the two triethyltin-binding sites is 
lost; therefore histidine appears to be involved in 
only one of the binding sites and the possibility of a 
chemically distinct site must be considered. The demon - 
strated ability of tripropyl-lead to compete with 
triethyltin for both binding sites on cat haemoglobin 
(Fig. 8) suggests that diethyl pyrocarbonate can 
reach both sites.
The rates of reaction of both cat and rat haemo­
globin with diethyl pyrocarbonate are not first order, 
and histidine residues are lost at different rates. Thus 
the rate of loss of those histidine residues 
relevant to binding cannot be measured, and no 
interpretation of the histidine/triethyltin ratio at one 
binding site can be made (Figs. 4 and 7).
The photo-oxidation studies of Rose (1969) led to 
the reasonable hypothesis that both sites consisted of 
two histidine residues. From the current studies it 
seems likely that only one site involves histidine, and 
we cannot say whether it contains one or two 
histidine residues. To answer these questions tech­
niques must be developed to measure reaction at the 
relevant histidine site.
The known chemical reactivity of triethyltin makes 
the prediction of the amino acids of the second 
site difficult, but penta-co-ordinate complexes of 
trialkyltin compounds with ligands other than 
histidine have been reported (Van der Kerk et al., 
1962; Poller, 1965; Evans & Smith, 1975).
Our results may therefore be explained in two ways.
1. Both of the binding sites for triethyltin on cat and 
rat haemoglobin contain histidine residues. If this is 
true, one site either does not react with diethyl pyro­
carbonate or does react to yield a labile product (i.e. 
the original histidine residue is regenerated before 
binding can be determined by equilibrium dialysis).
2. Only one site contains histidine residues. If this 
is true, the other site consists of different amino acids 
unreactive with diethyl pyrocarbonate but whose 
ability to bind, triethyltin is destroyed by photo­
oxidation.
We recognise that there is another possibility, i.e. 
diethyl pyrocarbonate does not interact with residues 
in the binding site(s) (whether they contain histidine 
or not), but instead reacts with histidine residues vital 
to the structural integrity of the sites. We think this is 
unlikely, because 1.5M-guanidine, which is known to 
dissociate haemoglobin (into a/? dimers), does not 
influence binding (B. M. Elliott & W. N . Aldridge, 
unpublished work).
Neither point (1) nor (2) is a completely satis­
factory explanation, but although the ‘two-histidine’ 
hypothesis is attractive, the results in the present 
paper show that we must now consider in rat and cat 
haemoglobin one binding site for triethyltin contain­
ing one or two histidine residues and another which is 
chemically distinct.
B. M. E. thanks the Science Research Council for a 
research grant.
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